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TECHNICAL  EVALUATION  REPORT 


hy 

Dr.  L.  C.  Daniels 

Department  of  Engineering  Science 
University  of  Oxford 
Parks  Road 
Oxford 


INTRODUCTION 


The  present  economic  climate  of  ever  increasing  energy  costa  has  dictated  that  the  major  design 
target  of  all  aircraft  engine  manufacturers  is  the  reduction  of  the  specific  fuel  consumption  (S.F.C.). 
Present  design  studies  are  aiming  at  a  15  »  207  reduction  on  present  figures.  The  thermodynamics  of  the 
engine  cycle  dictate  that  this  will  in  part  be  achieved  by  raising  the  maximum  cycle  temperature  and 
pressure  ratio.  Coupled  with  the  need  to  reduce  the  S.F.C.  is  the  desire  to  achieve  adequate  life  cycles 
of  the  hot  components,  and  the  necessity  of  meeting  E.P.A.  and  F.A.A.  regulations  on  smoke  and  pollutant 
emissions.  To  help  meet  these  design  objectives  engine  manufacturers  are  using  increasingly  advanced 
design  methods  for  the  prediction  of  the  temperatures  of  the  hot  section  components  and  the  performance 
of  the  combustion  system.  The  development  of  the  design  methods  requires  a  detailed,  accurate  knowledge 
of  the  engine  environment  together  with  an  understanding  of  the  physical  processes  taking  place  in  it. 

The  Ankara  P.E.P.  meeting  considered  some  of  the  problems  associated  with  the  hot  components  of  the 
gas  turbine,  whilst  last  year's  meeting  considered  the  problems  of  modeling  the  combustion  process. 

Both  meetings  emphasised  the  need  of  engine  designers  and  model  developers  for  data  of  a  high  accuracy. 
Blade  metal  temperatures  are  required  to  within  10K,  and  gas  stream  temperatures  to  within  20K  such 
requirements  impose  severe  constraints  upon  the  measurements  techniques.  The  purpose  of  the  present 
meeting  was  to  review  techniques  currently  available  and  their  possible  development. 

The  hostility  of  the  engine,  or  combusting  environment  to  probes  and  the  possible  influence  of 
probes  upon  the  flovfield  within  the  various  components  favours  the  use  of  techniques  of  a  non-intrusive 
nature.  The  larger  percentage  of  papers  presented  at  the  meeting  were  concerned  with  the  development 
of  non-intrusive  instrumentation.  Regrettably  relatively  few  of  the  papers  were  concerned  with  making 
measurements  in  the  engine  or  a  simulated  engine  evnironment,  and  whilst  many  of  the  techniques  described 
in  papers  presented  at  the  meeting  show  considerable  potential  their  capability  for  use ’as  diagnostic 
tools  in  real  engine  or  combustion  systems  is  yet  to  be  adequately  demonstrated.  Furthermore  many  of 
the  techniques  are  incapable  of,  even  in  well  controlled  laboratory  experiments  of  making  measurements 
to  the  tolerances  demanded' by  the  engine  designers  and  model  developers.  New  instrumentation  techniques 
inevitably  take  longer  to  develop  than  theoretical  models  and  the  present  technology  credibility  gap  will 
inevitably  get  wider  unless  efforts  are  made  to  close  it. 

Table  I  gives  a  breakdown  of  the  papers,  presented  to  the  conference  on  the  basis  of  intrusive  vs 
non-intrusive  instrumentation  and  a  further  subdivision  at  the  basis  of  the  experimental  environment  i.e. 
engine  measurements  vs  laboratory  tests. 


ENGINE  MEASUREMENTS 

LAB 

TESTS 

INTRUSIVE 

4, 

5,  6 

8, 

9 

: 

10, 

13, 

14 

10, 

11. 

12, 

13, 

14 

NON-INTRUSIVE 

18,  17 

15, 

18, 

17, 

16, 

19 

_ 

_ 

22, 

23, 

21 

The  number  refers  to  the  number  of  the  paper  in  the  proceedings.  (Appendix  1).  The  content  and 
context  of  the  various  papers  in  relation  to  each  other  and  the  needs  outlined  above  are  discussed  in  the 
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sumary,  from  which  various  conclusions  are  drawn  and  recommendations  are  made. 
SUMNAJTf  OF  THE  tKETISG 


The  papers  presented  at  the  meeting  broadly  represent  the  two  options  open  to  any  developer  of  diag¬ 
nostic  techniques  for  the  measurement  of  various  paraaieters  in  combustion  systems  and  turbines.  The  first 
is  to  try  to  measure  directly  the  quantities  of  interest  by  placing  some  sort  of  probe  connected  to 
appropriate  instrumentation  in  the  flowfield.  The  second  option  is  to  infer  the  required  information 
from  the  light  scattering  properties  of  particles  or  molecules  in  the  flow.  In  instrumentation  terms  the 
second  option  is  the  more  complicated  of  the  two;  however  the  pursuit  of  the  first  option  requires  the 
probe  to  heve  a  reasonable  life  expectancy,  not  to  perturb  the  flowfield  and  to  have  good  resolution.  In 
the  hoscile  combusting  flows  in  the  hot  end  of  a  gas  turbine  the  problems  of  using  probes  have  encouraged 
the  persuit  of  the  non-intrusive  option.  This  interst  is  reflected  in  the  number  of  papers  presented  at 
this  Conference  which  dealt  with  the  development  and  application  of  such  techniques. 

INTRUSIVE  TBCHHIQUES 

(a)  Pressure  Measurements 


In  theory  one  cf  the  easier  measurements  to  obtain  is  of  course  a  knowledge  of  the  pressures  (total 
and  static)  within  the  flowfield,  pitot  static  and  five  hole  probes  are  routinely  used  for  this  purpose. 

In  practice  difficulties  may  be  caused  be  the  probe  interacting  with  the  flowfield,  particularly  if 
measurements  are  taken  in  zones  of  recirculation,  and  furthermore  the  response  of  the  probe  to  the  highly 
unsteady  nature  of  the  flowfield  will  bias  the  measurements. 

The  interaction  of  the  probe  with  the  flowfield  cannot  be  addressed  within  any  generality  being 
highly  dependent  on  the  type  of  flow  and  probe.  The  effect  of  the  unsteady  flow  environment  upon  pitot 
static  and  5  hole  probes  is  dealt  with  by  Gouldin  (41.  His  analysis  shows  that  the  turbulent  fluctuations 
could  have  a  significant  effect  on  the  time  mean  measurements.  In  particular  when  density  fluctuations 
are  significant  i.e.  in  a  combusting  flow  ! arge errors  can  occur.  Couldin'a  14)  analysis  considered  the 
response  of  the  probe  to  the  turbulent  fluctuations.  Possible  effects  due  to  the  remoteness  of  the 
pressure  transducer  from  the  measuring  port,  which  in  some  cases  could  be  quite  considerable  are  not 
considered.  Are  such  effects  as  frequency  dependent  attenuation  and  phase  distortion  going  to  introduce 
further  errors  and  what  ia  the  likely  magnitude  of  such  errors? 

Modern  electronic  manufacturing  techniques  have  made  it  possible  to  fabricate  pressure  transducers 
with  a  very  wide  frequency  response,  the  coupling  of  such  a  transducer  with  a  suitable  probe  design  enable 
Charpenel  et  al  (13)  to  obtain  information  about  the  fluctuating  flea#  field  as  well  as  the  mean  flow. 

The  use  of  such  probes  to  obtain  a  turbulence  spectrum  as  Charpenel  and  his  co-workers  have  done  (13) 
has  many  advantages  when  the  likely  life  of  a  hot  wire  type  probe  is  considered. 

(b)  Temperature  Measurements 

With  the  possible  exceptions  of  C.A.R.S.,  see  below,  and  the  optical  pyrometry  method  of  Charpenel 
et  al  [13J,  the  measurement  of  the  hot  gas  stream  temperatures  are  uaually  made  with  a  noble  metal 
thermocouple.  They  can  also  be  used  to  measure  the  temperatures  of  various  metal  components  although 
in  such  applications  they  may  cause  e  disturbance  in  the  surface  heat  flux  optical  pyrometry  is  thus 
frequently  used  in  such  applications. 

Alwang  tlj  discussed  a  variety  of  techniques  used  by  industry  and  then  possible  development, 
including  the  use  of  new  couple  materials  which  would  extend  the  range  of  temperatures  which  could  be 
measured.  Where  details  of  the  spectra  of  the  temperature  fluctuations  is  required  the  thermocouple 
will  have  to  be  frequency  compensated .  Wittmeret  al  [10]  describe  the  used  of  such  a  technique  to 
measure  the  temperatuee  fluctationa  in  a  turbulent  free  jet  diffusion  of  flame. 

Wittmer  et  al  (10)  used  a  fine  wire  thermocouple,  as  did  Whitelaw  and  Taylor  (4).  In  their  experi¬ 
ments  Whitelaw  and  Taylor  (14)  found  considerable  difficulty  in  maintaining  the  thermocouple  integrity  in 
an  environment  more  typical  of  a  gas  turbine  combustor. 

(c)  Concentration  Measurements 


The  study  of  the  chemical  processes  in  the  combustion  chambers  and  after  burners  requires  a  know¬ 
ledge  of  the  chemical  composition  of  the  combustion  products.  This  is  usually  obtained  by  withdrawing 
a  sample  from  the  flow  and  determining  ice  chemical  composition.  Optical  methods  e.g.  C.A.R.S.  have 
only  recently  become  feasible,  and  their  use  ia  not  yat  a  routine  matter.  Sampling  techniques  are  thus 
likely  to  be  used  for  the  immediate  future.  Gaateboia  et  al  [3]  presented  a  survey  of  the  exhaust  gases 
of  an  Olympus  593  engine,  using  a  sonic  orifice  quenching  probe.  Apart  from  problems  concerning  the 
freezing  of  the  chemistry,  and  preventing  water  condensation  on  tlie  sampling  lines,  a  major  concern  ia 
the  effect  of  the  fluctuating  flowfield  upon  the  sampling  process.  Gouldin  (4)  presents  an  analysis 
of  the  effects  of  velocity,  density  and  concentration  fluctuations  on  the  sample.  He  concludes  that 
accurate  samples  of  mean  mass  fractures  will  require  corrections  for  the  effect  the  large  density  fluctua¬ 
tions  found  in  a  combusting  flow.  H«  further  recommends  that  sonic  orifice  sampling  probes  should  be 
used  in  preference  to  'slow  speed’  sampling,  since  the  former  are  eesier  to  correct. 

(d)  Heet  Flux  Measurements 


Heat  Flux  measurements  rely  on  the  measurement  of  teaperature  together  with  a  conduction  analysis  of 
a  time  dependent  or  steady  nature.  Hence  heat  flux  measuretttnts  in  engines  and  practical  combustors  are 
lisiitad  by  present  thermocouple  technology  and  aa  such  the  determination  of  the  heet  flux  in  practical 
engine  situations  is  not  possible  Alwang  [1].  The  limitations  in  thermocouple  technology  reeulte  in  all 
heat  flu*  measurements  being  made  In  teet  rigs  which  operate  et  reduced  temperatures. 


Th*  scaling  laws  that  are  necessary  for  maintaining  similarity  at  reduced  temperatures  and  pressures 
are  discussed  by  von  Schverdtner  and  Hosenfeld  [51*  Maintaining  strict  similarity  is  difficult  particu¬ 
larly  in  the  areas  of  blade  surface  finish  and  turbulence.  Bayley  and  Priddy  [9]  use  a  high  speed 
rotating  ’squirrel  cage*  upstream  of  their  test  cascade  to  simulate  the  high  turbulence  level  and  apectral 
content  thought  to  be  found  in  an  engine.  Strict  similarity  cannot  be  maintained  if  air  is  used  as  a 
test  gas,  there  will  be  differences  in  the  Prandtl  number  and  the  value  of  v,  the  ratio  of  specific 
heats.  The  variation  of  Prandtl  number  was  considered  by  von  Schwerdtner  and  Hosenfeld  [5],  the  difference 
in  y,  the  ratio  of  specific  heats,  was  not. 

Testing  at  reduced  temperatures  and  pressures  result?  in  considerable  savings  in  the  power  required 
to  operate  the  test  facility.  Further  gains  can  be  made  by  the  use  of  the  transient  techniques  developed 
by  Schult2  et  al  [8]  and  adopted  by  Richards  Pi-  Transient  techniques  also  simplify  the  analysis 
required  in  Che  determination  of  the  surface  heat  flux,  and  test  rigs  running  in  a  transient  mode  do  not 
require  Che  use  of  exotic  high  temperature  materials  or  cooled  instrumentation. 

NON  INTRUSIvE -OPTICAL  TECHNIQUES 

The  hostile  environment  present  in  gas  turbines  and  combustion  systems  favour  the  use  of  non- 
intrusive  instrumentation.  Provided  optical  access  can  be  arranged,  metal  temperatures  can  be  obtained 
by  pyrometry,  velocities  by  Laser  Optical  Anemometry,  and  with  the  recent  progress  in  the  application 
on  non-linear  optical  processes,  temperature  and  concentration  measurements  by  techniques  such  as  Raman 
Scattering  and  Coherent  Anti-Stokes  Raman  Spec trosocopy  (C.A.R.S.) 

Optical  Pyrometry 

The  use  of  rapid  response  optical  pyrometry  to  measure  blade  temperatures  is  described  by  Alwang  [1J. 
The  effects  of  radiation  from  the  flame  in  the  combustion  can  are  corrected  for,  by  high  speed  analogue 
circuitry  which  yields  a  continuous  record  of  turbine  blade  or  vane  temperature. 

Charpenel  et  al  (131  have  developed  a  pyrometer  capable  of  measuring  the  mean  and  variance  of  the 
fluctuation  temperatures  in  a  hot  gas  stream. 

Laser-Op tical-Velocime try 

The  use  of  Laser  Doppler  Velociroetry  in  isothermal,  non-reacting  flows,  is  a  well  established  tech¬ 
nique  and  is  a  powerful  diagnostic  tool  particularly  if  it  is  coupled  with  flow  visualisation  as  shown 
by  Owen  and  Pincombe  (151,  The  provision  of  optical  access  and  suitable  light  scattering  particles  in 
a  combusting  flow  are  some  of  the  practical  problems  associated  with  the  application  of  L.D.V.  to  such 
flows.  Furthermore  the  analysis  of  the  possible  sources  of  error  in  the  measurements  is  not  straight¬ 
forward  . 

Vhitelaw  and  Taylor  [14]  describe  measurements  made  in  the  premixed  flame  in  an  axi symme trie  combu¬ 
stor,  together  with  a  discussion  of  the  possible  sources  and  magnitudes  of  the  errors  in  the  measurements . 
Whitelaw  and  Taylor  (14]  used  a  real  fringe,  forward  scatter  optical  system.  This  type  of  arrangement 
was  also  used  by  Wittmer  and  Gunther  [10]  to  measure  the  turbulence  characteristics  of  a  diffusion  flame. 
Forward  scatter  optics  required  'dual  port'  access  which  is  clearly  a  disadvantage  in  gas  turbine  appli¬ 
cation,  but  forward  scattering  has  the  advantage  that  the  signal  strength  is  at  least  2  orders  of  magni¬ 
tude  higher  than  in  back  scatter. 

Back  scattering  measurements  in  combusting  systems  are  probably  better  made  with  the  2  spot  or  L2F 
system,  which  ha9  a  higher  intrinsic  signal  to  noise  ratio  than  the  more  conventional  LDV,  it  is  a  useful 
technique  in  photon  limited  situations  e.g.  high  speed  flows  with  low  concentrations  of  small  particles. 

It  does  however  require  special  data  processing  and  handling  equipment  usually  correlator  or  multichannel 
digital  analysis  to  produce  a  2  dimensional  probability  distribution  function  for  velocity  and  flow  angle. 
The  production  of  this  P.D.F.  for  the  velocity  in  a  turbulent  flow  requires  a  large  number  of  measurements 
and  the  L2F  technique  thus  has  a  low  data  rate.  Eickhoff  and  Schodl  [11]  describe  the  use  of  the  L2F  tech¬ 
nique  to  study  the  turbulence  characteristics  of  hydrogen  air  and  propane  air  diffusion  flames.  It  is 
significant  that  the  qualitative  interpretation  of  their  data  is  greatly  helped  by  the  use  of  flow  visua¬ 
lisation. 


Particle  Size  and  Concentration  Measurements 

Coghe  et  al  [22]  and  Bornego  and  Olivari  123]  have  adopted  U)V  techniques  to  provide  information 
about  particle  size  and  concentration  in  flows  based  in  the  scattering  propoerties  of  large  particles  in 
the  flow.  The  difference  in  the  scattering  properties  of  the  'large'  and  'small*  particles  in  a  typical 
LDV  sample  volume  is  the  basis  of  a  technique  described  by  Riethmuller  and  Buchlin  [12]  for  measuring 
velocities  gas- liquid  sprays. 

Temperature  and  Composition  Measurements 

The  need  to  obtain  temperatures  and  species  concentrations  in  combusting  flows  has  prompted  the 
application  of  conventional  spectroscopic  techniques  and  the  more  recent  developments  of  spatially  and 
temporally  precise  laser  spectroscopic  techniques. 

Duran  and  Ballet  (16]  used  U.V.  Absorb tion  Spectroscopy  to  determine  the  concentration  of  NO  in  two 
types  of  burner.  They  compared  the  results  obtained  from  the  spectrosopic  technique  with  those  obtained 
using  sampling  probes. 

An  accurate  spatial  distribution  of  temperature  in  a  combusting  system  is  of  course  a  very  important 
and  desirable  piece  of  information.  As  a  results  there  is  considerable  interest  in  the  development  of 
optical  techniques  capable  of  giving  such  information.  These  techniques  are  based  on  the  inelastic 


scattering  of  light  by  at  cm  or  molecules  in  the  flow.  The  scattered  light  is  shifted  in  frequency  away 
from  the  source  frequency.  The  frequency  spec  trial  of  the  scattered  light  depends  upon  the  population 
temperature  and  concentration  of  the  scattering  molecular  species.  To  obtain  adequate  signal  strength 
from  the  light  scattering  procesaes  requires  either  atoms  or  molecules  with  a  high  scattering  cross 
section  to  be  present  in  the  flow  or  the  use  of  high  power  sources  i.e.  lasers.  Unfortunately  all  the 
species  general  ly  found  in  a  combusting  system  have  a  low  scattering  cross  section. 

Zizak  et  al  120]  obtained  temperature  profiles  in  hydrogen  and  acetvlene  laboratory  flames,  using 
the  Two-Line  Atomic  Fluorescence  Method  (T.L.A.F.).  The  spectral  properties  of  light  produced  by 
fluorescing  indium  or  thallium  atoms  added  in  small  concentrations  to  the  combusting  gases  enable  the 
electronic  'temperature'  of  the  fluorescing  atoms  to  be  determined,  thus  by  assuming  thermal  equilibrium 
between  the  seeding  atoms  and  the  combusting  gases  the  electronic  temperature  can  be  taken  as  the  gas 
temperature,  l/nfor tunately  the  scattered  signal  has  a  poor  signal  to  noise  ratio,  and  photon  correlation 
techniques  have  to  be  used  to  extract  it  from  the  background  noise.  Such  correlation  techniques  have  poor 
data  rates  and  as  a  result  the  T.L.A.F.  technique  is  only  suitable  for  use  in  highly  stable  laboratory 
flames. 

The  need  for  temporally  as  well  as  spatially  accurate  spectroscopic  information  so  that  practical 
turbulent  combustion  can  be  studied  has  led  to  the  development  of  techniques  using  high  power  short 
duration  pulsed  lasers,  the  high  powers  are  necessary  to  obtain  sufficient  output  signal  since  the 
involved  phenomena  have  low  scattering  cross  sections. 

Two  different  techniques  using  inelastic  scattering  from  high  power  pulsed  laser  sources  were 
described  by  speakders  at  the  Conference,  Raman  Scattering  Lapp  and  So  [191,  and  C.A.R.S.  Pealat  et 
al  [17)  and  Eckbreth  118), 

Raman  Scattering  is  the  older  technique.  It  has  been  widely  developed,  is  well  understood,  and  is 
used  as  a  diagnostic  tool  in  certain  branches  of  chemistry.  Its  use  in  gas  phase  and  combustion  diag¬ 
nostics  is  limited  by  the  weakness  of  the  scattered  signal,  which  can  be  masked  by  laser  induced  inter¬ 
ference  i.e.  fluorescence  and  incandescence  generated  by  the  high  power  probe  laser  interacting  with 
particles  of  unburnt  fuel  or  soot  in  the  flame.  Lapp  and  So  [19]  discuss  in  detail  the  needs  of  advanced 
combustion  models  and  the  measurement  implications  of  the  model  needs.  They  describe  the  use  of  Raman 
Scattering  in  detailed  study  of  a  hydrogen  air  diffusion  flame,  carried  out  by  Lapp  and  co-workers  (see 
[19)  for  reference).  They  also  describe  a  conditional  sampling  technique  enabling  LDV  and  Raman  Scatter¬ 
ing  measurements  to  be  used  in  conjunction  with  each  other  and  hence  obtain  temperature  velocity  corre¬ 
lation  data. 


C.A.R.S.  does  not  suffer  from  the  limitations  of  signal  strength  inherent  in  Raman  Scattering.  The 
signal  conversion  efficiency  of  C.A.R.S.  is  several  orders  of  magnitude  higher,  the  scattered  light  is 
coherent  in  character  and  as  such  can  be  collected  over  such  small  solid  angles  that  interferances  can  be 
reduced  to  a  minimum.  These  advantates  are  such  that  C.A.R.S.  is  capable  of  probing  practical  combustion 
processes  and  providing  the  temperature  and  species  concentration.  Eckbreth  [18]  and  Pealat  et  al  [17], 
both  describe  the  development  of  C.A.R.S.  diagnostics  and  demonstrate  the  use  of  C.A.R.S.  in  practical 
combustion  environments. 

Temperature  and  concentration  measurements  (down  to  about  1Z)  can  be  obtained  from  the  shape  of  the 
C.A.R.S.  spectra.  The  measured  spectra  are  compared  with  theoretical  spectra  generated  by  a  computer 
code,  and  the  temperature  is  inferred  from  a  best  fit.  Species  concentrations  can  also  be  inferred  from 
the  shape  of  the  spectrum  provided  the  susceptibility  of  the  non-resonant  background  is  known  or  can  be 
approximated,  Eckbreth  [18].  In  the  highly  turbulent  environments  typical  of  combustion  system  a 
temperature  P.D.F.  has  to  be  built  up  from  a  number  of  measurements.  The  turbulent  environments  also 
dictate  the  use  of  broadband  laser  sources  and  detection,  to  produce  the  C.A.R.S.  spectra  in  one  single 
shot  of  the  pulsed  laser  system;  this  is  because  C.A.R.S.  spectra  are  highly  non-linear  with  temperature 
and  density  and  generating  a  spectrum  piecewise  by  using  a  tunable  narrow  band  laser  is  inappropriate. 
Eckbreth  [18)  and  Pealat  et  al  [17]  suggest  that  temperatures  inferred  from  spectra  obtained  in  this  way 
are  accurate  to  within  t  40K  in  2000  K. 

CONCLUSIONS 


Advances  in  measurement  technology  particularly  in  the  use  of  non-intruaive  instrumentation  have 
been  made  since  the  Ankara  meeting.  Although  measurements  technology  still  lags  behind  engine  develop¬ 
ments  . 

Conventional  intrusive  techniques  for  the  measurement  of  temperature  pressure,  and  compositions 
are  very  difficult  to  make  in  the  hostile  environment  of  the  hot  section  of  a  modern  gas  turbine. 

Adequate  probe  lives  are  difficult  if  not  impossible  to  obtain  and  the  interpretation  of  measurements 
from  pressure,  and  sampling  probes  may  be  complicated  by  the  effects  of  the  highly  turbulent  flow  field. 
Pyrometry  la  an  attractive  practical  alternative  to  the  use  of  thermocouples  for  the  measurements  of  metal 
temperatures  and  can  be  used  for  gas  temperature  measurements. 

L.D.V.  techniques  have  developed  to  the  point  where  measurements  in  the  flames  of  laboratory  burners 
can  be  made  can  be  made  successfully.  The  techniques  have  not  been  demonstrated  in  practical  combustion, 
where  the  problems  of  optical  access,  control  of  the  light  scattering  particles  will  be  much  more  diffi¬ 
cult. 


C.A.R.S,  has  developed  into  a  practical  tool  for  combustion  diagnostics.  The  technology  is  still 
undergoing  rapid  development,  but  already  it  has  demonstrated  its  capabilities,  in  realistic  combustion 
situations,  where  no  other  means  of  extracting  gas  temperatures  and  species  concentrations  appears  to 
be  possible.  It  is  not  a  simple  technique  to  use,  it  requires  considerable  capital  investment  and 
expertise  on  the  part  of  the  user  particularly  in  setting  up  the  system  and  in  the  interpretation  of  the 
data.  It  also  requires  the  use  of  high  power  pulsed  lasers.  These  factors  may  limit  its  use. 


ix 


RECCHMENDATIONS 

It  is  clear  that  L.D.V.  and  C.A.R.S.  have  developed  to  the  point  where  they  appear  t.--  he  apable 
of  being  used  as  practical  diagnostic  tools  in  cotnbustion  systems  and  turbines.  Efforts  must  be  made 
to  realisetheir  potential  in  more  realistic  or  practical  situations.  Clearly  a  great  deal  of  work  will 
have  to  be  done  in  designing,  building  and  developing  the  equipment  and  test  rigs  sr.  that  the  technique 
can  be  transported  from  the  laboratory  situation  to  an  engine  test  stand  for  example.  Nevertheless 
it  is  clear  that  since  the  techniques  are  past  the  stage  of  proving  the  physical  prinrip.es  involved, 
efforts  must  concentrate  on  application  of  the  existing  technology  rather  than  on  ir.creasiig  t  he  sophisti¬ 
cation  and  refinement  of  the  physics. 

Since  it  is  unlikely  that  the  development  of  C.A.R.S.  and  L.D.V.  in  the  immediate  future  is  going 
to  reach  the  stage  where  their  use  is  going  to  be  a  matter  of  routine,  and  furthermore  the  high  capital 
cost  of  the  equipment  will  restrict  its  avai lability.  It  therefore  may  be  very  useful  to  encourage 
the  development  and  application  of  less  sophisticated  new  methods  and  to  reconsider  9orae  of  the  older 
techniques  with  a  view  to  possibly  extending  their  application. 

A  strong  interaction  between  combustion  modelers  and  experimentalists  must  be  maintained  if  the  con¬ 
tinued  development  of  the  understanding  of  the  combustion  processes  is  to  take  place.  Unf or tunate 1 y , 
there  appears  to  be  a  ’technology  gap',  mentioned  in  the  introduction,  between  the  current  combustion 
models  and  our  ability  to  make  measurements.  The  rapid  growth  of  computer  power  and  numerical  techniques 
exploiting  the  new  computers  has  resulted  in  extremely  sophisticated  calculation  procedures  which  have 
the  potential  of  high  numerical  and  physical  accuracy.  However,  these  methods  still  require  empirical 
input  particularly  in  the  modelling  of  the  fluctuation  quantities  and  such  input  is  the  factor  which 
controls  the  accuracy  of  the  computation.  The  development  and  validation  of  a  combustion  model  to  a 
certain  standard  of  accuracy  will  require  the  availablity  of  data  to  the  required  accuracy.  At  present 
numerical  techniques  are  developing  faster  than  experimental  techniques  and  the  technology  or  credibility 
gap  is  in  danger  of  growing  wider,  unless  steps  are  taken  to  close  it.  The  closing  of  the  technology 
gap  will  be  aided  by  the  holding  of  joint  meetings  of  technologists  and  modelers  at  suitable  intervals 
of  time.  — ' 
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Stannary 

The  verification  of  a  gas  turbine  engine  design  requires  that  all  critical  design  parameters  be  measured 
as  directly  and  accurately  as  possible  during  development  testing.  The  hot  section  of  the  engine  poses 
some  particularly  difficult  measurement  problems.  In  this  paper  the  limitations  of  current 
instrumentation  used  in  the  combustor  and  turbine  will  be  described  and  work  in  progress  to  overcome 
these  limitations  will  be  reviewed. 

Among  the  topics  to  be  covered  are:  limitations  on  the  use  of  advanced  dual  spectral  range  optical 
pyrometers  for  metal  surface  temperature  measurement,  use  of  sputtered  thin  film  thermocouples,  problems 
in  measuring  gas  temperature  distributions  and  burner  pattern  factor,  particularly  above  3000OF 
(19?5K),  problems  in  measuring  static  strain  and  strain  range  in  hot  section  hardware,  and  finally 
problems  in  the  measurement  of  radiative  and  total  heat  flux. 

INTRODUCTION 

The  trend  in  advanced  gas  turbine  engines,  both  commercial  and  military,  is  toward  higher  compression 
ratios  and  higher  maximum  cycle  temperatures.  This  is  a  consequence  of  the  desire  to  improve  the 
performance  and  efficiency  of  engines  and  is  especially  significant  in  the  present  climate  of  rapidly 
escalating  fuel  costs.  The  increased  pressures  and  gas  temperatures  in  the  engine  hot  section  must  be 
achieved  while  maintaining  very  high  reliability  and  durability  of  the  combustor  and  turbine  hardware.  In 
addition,  stringent  limitations  with  respect  to  emissions  of  smoke,  N0X  and  hydrocarbons  must  be  met. 
This  combination  of  requirements  is  a  major  technical  challenge  and  has  lead  to  intensive  activity  in 
combustor  research,  heat  transfer,  materials  and  structural  design.  It  also  presents  a  major  challenge  to 
the  testing  and  measurements  techniques  needed  for  developing  gas  turbine  engines. 

Engine  development  testing  requires  careful  planning  in  the  use  of  instrumentation  to  insure  a  successful 
final  product.  Measurements  are  used  extensively  throughout  and  for  a  variety  of  different  purposes. 
First,  they  serve  to  provide  the  raw  material  necessary  for  the  continued  evolution  of  theoretical  and 
empirical  foundations  in  structures,  aerodynamics,  and  heat  transfer,  which  make  up  the  analytical 
systems  used  to  generate  the  engine  design.  In  this  stage,  great  ingenuity  is  applied  to  obtain 
representative  data  in  model  experiments  which  are  in  most  cases  simplifications  or  idealizations  of  real 
engine  components. 

As  an  engine  design  progresses,  engine  components  and  finally  experimental  versions  of  the  engine  ,-sre 
built  and  tested,  and  the  emphasis  in  the  use  of  measurements  then  shifts  to  the  problem  of  confirming 
design  objectives.  For  those  planning  instrumentation,  this  is  a  very  fundamental  change,  since  the 
freedom  to  choose  test  conditions  for  which  reliable  and  accurate  sensors  are  easily  available  nc  longer 
exists.  The  measurements  should  be  made  in  the  actual  engine  environment. 

In  using  measurements  to  confirm  design  objectives'  the  following  rules  should  be  adhered  to  as  closely 
as  is  permitted  by  the  current  state-of-the-art. 

1.  Identify  all  critical  parameters  in  the  design. 

2.  Measure  these  parameters  directly  and  in  a  realistic  environment. 

As  we  will  see,  these  rules  are  simple  and  obvious  but  very  difficult  to  accomplish.  They  point  the  way 
to  those  areas  in  which  improved  measurement  methods  need  to  be  developed. 

There  is  a  further  measurement  principle  which  seems  obvious  but  is  often  neglected  in  practice.  It 
applies  to  all  measurements,  not  only  to  those  intended  to  confirm  design  objectives.  The  principle  is, 
no  measurement  Is  complete  without  an  estimate  of  Its  accuracy.  A  turbine  blade  temperature  measurement 
with  an  accuracy  of  +10OF  (5.6K),  might  be  completely  adequate  while  one  whose  accuracy  is  IOOof 
(56K),  is  almost  worthless. 

In  this  paper  I  will  concentrate  on  some  problems  In  the  use  of  measurements  to  confirm  design  objectives 
in  the  hot  section  of  the  engine,  that  is,  In  the  combustor  and  turbine. 

CRITICAL  MEASURE* NTS  IN  THE  HOT  SECTION  OF  THE  ENGINE 

In  Figure  1,  an  example  of  the  temperature  distribution  through  a  film  cooled  wall  with  a  thermal  barrier 
is  shown.  The  principle  quantities  potentially  accessible  to  measurement  are  the  gas  temperature 
the  coolant  temperature  Tc,  thermal  barrier  surface  temperature  Tb,  as  well  as  metal  temperatures  Tml 
Tmo. 


atfa 


e 


The  convective  heat  flux  Qc  cannot  be  measured  directly,  however,  the  total  heat  flux  aid  the  radiative 
heat  flux  can.  In  principal  at  least,  be  obtained  and  from  this  the  film  cooling  effectiveness  Of  can 
be  obtained. 
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The  stress  in  combustor  and  turbine  structures  is  aiso  a  critical  ingredient  in  predicting  lifetime  of 
hardware. 

In  order  to  determine  how  these  parameters  must  be  combined  to  predict  component  lifetimes,  it  is 
necessary  to  identify  the  failure  mode  which  limits  the  life  of  each  component.  (See  Ref.  1  for  example) 
Typically  in  high  temperature  turbines  failure  is  dominated  by  creep  rupture,  low  cycle  fatigue,  creep 
fatigue  interaction  or  corrosion  and  erosion.  Prediction  of  failure  in  creep  requires  knowledge  of  the 
steady  state  distribution  of  temperature  and  stress.  Corrosion  and  erosion  are  strongly  temperature 
dependent  and  are  also  sensitive  to  trace  quantities  of  impurities  in  the  air,  particularly  salt  and  hard 
particu lates.  Low  cycle  fatigue  on  the  other  hand  is  determined  by  transient  temperature  and  stress 
distributions  generated  by  the  accelerations  and  decelerations  accompanying  landing'  take-off  and  flight 
maneuvers . 

The  turbine  designer  beginning  with  a  statistical  prediction  of  gas  temperature  and  cooling  air 
temperature  produces  a  blade  cooling  design  which  yields  a  satisfactory  blade  lifetime.  To  verify  this 
design  prediction,  it  Is  necessary  to  run  cyclic  endurance  tests  and  to  measure  the  following  quantities: 

1.  Metal  Temperature  -  Steady  state  and  transient  metal  temperature  distributions. 

2.  Gas  Temperature  -  Maximim  temperatures  and  distributions  under  a  variety  of  steady  state  and 
transient  operating  conditions  and  engine  service  hours. 

3.  Radiant  and  total  heat  flux. 

4.  Steady  and  transient  stresses. 

In  addition  to  these  more  obvious  characteristics  of  the  design  problem  in  the  hot  section  of  an  engine, 
a  number  of  more  subtle  characteristics  are  very  important.  These  include  the  flame  distribution  in  the 
combustor,  the  flow  field  including  turbulence  and  the  tendency  of  the  combustor  to  produce  hard  carbon 
and  cause  erosion. 

In  the  following  sections  I  wi 1 1  try  to  stmtarize  the  state-of-the-art  in  making  these  measurements  in  a 
turbine  engine  environment. 

BLADE  AND  VANE  METAL  TEMPERATURE 

Cooled  turbine  blades  and  vanes  are  characterized  by  high  temperatures,  large  temperature  gradients  both 
in  and  perpendicular  to  solid  surfaces  and,  frequently,  considerable  blade-to-blade  variability.  Figure  1 
shows  a  typical  temperature  distribution  perpendicular  to  the  blade  surface.  Measurements,  to  be  useful 
must  sample  many  points  on  the  surface.  In  addition,  at  the  maximum  temperature  conditions,  a  change  of 
*25°f  (14K)  in  metal  temperature  can  cause  as  much  as  a  factor  of  two  reduction  in  fatigue  lifetime, 
therefore,  the  accuracy  of  the  temperature  measurement  should  be  about  +10of  (5.6K).  (At  P&WA  we  employ 
measurement  accuracy  definition  in  Reference  2.  Error  estimates  are  given  as  +2«,  the  95%  confidence 
I  eve  I ) 

The  most  frequently  used  instrument  for  mapping  rotor  blade  temperatures  is  the  optical  pyrometer 
(Reference  3).  With  careful  attention  to  calibration  and  given  a  system  designed  to  compensate  for  or 
eliminate  such  things  as  temperature  dependence  of  the  detector  sensitivity,  measurements  of  the  required 
accuracy  can  be  made.  The  primary  sources  of  bias  are  first,  accumulation  of  dirt  on  the  optics  and 
second,  radiation  from  the  flame  in  the  combustor  which  is  usually  inmediately  upstream  of  the  turbine. 

At  PS.WA  a  dual  spectral  area  pyrometer  has  been  developed  which  permits  flame  radiation  to  be  effectively 
corrected.  Dirty  optics  are  avoided  by  a  properly  designed  purge  system. 

This  pyrometer  measures  the  radiant  energy,  in  two  broad  spectral  ranges,  which  issue  from  a  small  area 
on  the  surface  to  be  measured.  One  spectral  range  is  much  more  sensitive  to  short  wavelength  radiation 
characteristic  of  the  flame,  and  the  other  is  more  sensitive  to  the  longer  wavelength  radiation  emitted 
by  the  cooler  turbine  hardware.  A  theoretical  description  of  the  means  for  correcting  for  the  reflected 
radiation  is  described  in  Reference  4.  The  computations  can  be  carried  out  in  real  time  using  high  speed 
analog  circuitry  yielding  a  continuous  record  of  turbine  blade  or  vane  temperature.  A  typical 
installation  is  shown  in  Figure  2.  The  pyrometer  is  focused  at  a  fixed  location  in  space  and  yields  a 
record  of  the  blade  temperatures  appearing  in  Its  field  of  view.  A  typical  example  for  one  rotation  of  a 
rotor  is  shown  in  Figure  3.  This  trace  is  corrected  for  flame  radiation  and  shows  an  exceptionally  hot 
blade,  a  consequence  in  this  case  of  an  unanticipated  obstruction  in  the  blade  cooling  passage. 

The  point  of  observation  can  be  scanned  from  the  root  to  the  tip  of  the  rotor  blades  and,  from  this, 
blade  by  blade  mapping  of  surface  temperature  distribution  can  be  made. 

Some  limited  data  has  been  obtained  which  validates  these  pyrometer  measurements  through  direct 
observation  of  a  rotor  blade  which  suffered  localized  melting.  The  Indicated  pyrometer  temperatures  at 
the  time  of  melting  agreed  with  the  characteristic  Hguldus  temperature  for  the  alloy  to  within  about 
36op  (20K).  Direct  comparisons  with  thermocouples  have  also  been  done  in  some  cases  Reference  5,  but 
again  data  is  very  limited  especially  when  flame  is  present.  In  order  to  validate  the  pyrometer  results. 
It  Is  very  desirable  to  occasionally  make  redundant  measurements  with  metal  thermocouples  Installed  on 
the  blade  or  vane  surfaces  at  surfaces  where  Installation  of  the  thermocouple  produces  negligible 
perturbation  of  heat  flow. 

Pyrometry  is  frequently  limited  by  lack  of  optical  accessibility,  or  particularly  at  the  turbine  inlet, 
excessive  interference  from  direct  or  reflected  flame  radiation.  In  such  cases  use  of  thermocouples  may 
be  essential  although  Installation  of  wire  thermocouples  on  cooled  blades  without  modification  of  local 
heat  transfer  can  be  very  difficult  (Reference  6).  For  this  reason  sputtered  thin  film  thermocouples,  as 
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shown  in  Figure  4,  ere  being  developed  (Reference  7)*.  These  thermocouples  are  in  the  form  of  very  thin 
films  of  platimjn  and  piatinun  rhodiim  deposited  on  the  blade  surface  over  an  oxide  coating.  Total 
thickness  of  oxide  and  metal  is  less  than  0.001  inches  '.0025cm). 

GAS  TEMPERATURE 

The  gas  temperature  exiting  a  combustor  has  a  very  complex  distribution  in  space  and  time.  The  measured 
spatial  distribution  of  gas  temperature  is  used  by  the  turbine  designer  to  calculate  burner  pattern 
factors  which  are  used  as  inputs  to  the  turbine  cooling  design  analysis.  In  order  to  determine  pattern 
factors,  arrays  of  point  measurements  are  required.  A  typical  means  for  obtaining  such  data  is  through 
the  use  of  shielded  thermocouples  installed  on  the  leading  edges  of  turbine  inlet  guide  vanes  which  are 
located  immediately  downstream  of  the  combustor  exit  (Figure  5). 

The  number  of  point  measurements  required  to  characterize  the  combustor  exit  temperature  is  large.  The 
potential  range  of  temperatures  of  the  gases  entering  the  combustor  extend  from  the  compressor  discharge 
temperature,  about  1000°F  (810K),  to  stoichimetric  burning  temperatures  for  common  jet  fuels, 

3800°F  (2370K). 

In  an  efficient  combustor  the  highest  gas  temperature  must  be  prevented  from  direct  contact  with  metal 
surfaces  or  local  burnout  will  occur:  Complete  combustion  of  the  fuel  must  occur  with  minimal  formation 
of  N0„  and  finally  turbulent  mixing  of  the  combustion  and  cooling  gases  must  produce  as  Isothermal  a 
temperature  distribution  at  the  combustor  exit  as  possible  to  minimize  the  occurrence  of  local  hot  spots. 

Some  idea  of  the  number  of  point  measurements  needed  can  be  obtained  by  reference  to  the  accuracy 
required  of  the  turbine  blade  metal  temperature  measurements  which,  as  stated  above,  is  about  +  10°F 
(5.6K).  In  a  typical  cooled  blade,  a  +10OF  (5.6K)  error  in  prediction  of  metal  temperature  is 
equivalent  to  about  +30°F  (17K)  in  gas  temperature.  If  we  assune  that  we  are  sampling  *>om  a 
distribution  of  gas  temperature  ranging  from  the  compressor  discharge  temperature  to  the  stoichiometric 
burning  temperature,  a  range  of  over  2000OF  (1375K ) ,  between  100  and  1000  point  measurements  are 
required  depending  on  the  precision  of  the  individual  point  measurements  and  the  complexity  of  the 
distribution. 

Many  efforts  have  been  made  to  measure  the  mean  and  extreme  properties  of  the  gas  stream  (Reference  8) 
These  have  included  ultrasonic,  radiation,  optical  and  acoustic  techniques,  but  none  have  been  very 
successful  so  far. 


A  typical  approach  to  the  measurement  of  temperature  of  a  point  in  a  high  temperature  gas  stream  is  by 
the  use  of  a  shielded  thermocouple.  The  shielded  thermocouple  is  designed  to  operate  near  the  gas  stream 
temperature  with  minimal  correction  for  radiation  and  conduction  error.  To  obtain  reasonable  operating 
lifetime,  it  is  necessary  to  maintain  the  most  commonly  used  couples  (Type  8  Pt  PT6Rh)  below  about 
3000 of  (1925K).  This  temperature  is  less  than  the  hot  spot  temperatures  in  many  advanced  engines  and  in 
fact  during  engine  development  when  the  combustor  design  is  still  evolving,  it  is  not  unusual  to  expect 
local  hot  spots  at  stoichiometric  burning  temperatures.  A  new  thermocouple  pairing  (Pt40Rh  Ir40Rh) 
devised  by  Glawe  at  NASA  (Reference  9)  promises  to  extend  the  limit  for  noble  metal  couples  by  about 
200®F  (11 OK ) .  These  thermocouple  limitations  often  make  it  necessary  to  obtain  pattern  factor  data  with 
the  engine  running  at  l^s  than  full  power  in  order  not  to  destroy  the  thermocouples. 

A  number  of  approaches  are  in  progress  for  overcoming  this  problem  as  follows: 

Refractory  Metal  Thermcouples  -  Metals  like  tungsten  and  rhenium  make  good  thermocouples  but  oxidize 
rapidly  particularly  in  the  high  pressure  environment  of  a  gas  turbine  engine.  Efforts  to  avoid  rapid 
failure  by  providing  protective  coatings  or  sheaths  have  so  far  been  unsuccessful. 

Cooled  Thermocouples  -  Thermocouples  can  be  run  at  well  below  the  gas  temperature  either  by  deliberately 
designing  for  enhanced  radiation  and/or  conduction  cooling  or  by  providing  a  colder  gas  for  convection 
cooling.  When  using  such  designs,  it  is  essential  to  have  well  proven  procedures  for  correcting  to  the 
actual  gas  temperature  from  the  measured  thermocouple  temperature.  A  very  Interesting  thermocouple  of 
this  type  has  been  under  development  at  NASA  (Reference  10)  which  they  call  a  pulsed  thermocouple. 
However,  none  of  these  have  been  used  in  large  arrays  for  pattern  factor  measurements. 

Another  form  of  cooled  probe  usable  at  gas  temperatures  exceeding  the  limits  of  currently  available 
thermocouples  Is  the  calorimetric  probe  shown  In  Figure  6.  In  this  probe  the  hot  gas  is  aspirated  through 
a  small  jacketed  heat  exchanger  or  calorimeter.  The  amount  of  heat  given  up  to  the  calorimeter  is 
determined  by  the  flow  rate  and  temperature  rise  of  the  liquid  coolant.  Measurement  of  the  flow  rate  and 
temperature  of  the  gas  at  the  calorimeter  exit  then  allows  the  Initial  gas  temperature  to  be  deduced  as 
shown. 

Optical  Methods  for  Temperature  Measurement  -  In  the  future  It  may  be  possible  to  probe  hot  flows  with 
laser  beams  and  measure  local  temperature  and  density  using  techniques  such  as  CARS  (Coherent  Antistokes 
Raman  Scattering).  These  techniques  are  under  active  development  (Reference  11),  but  they  have  not  yet 
been  applied  in  high  pressure  liquid  fuel  combustors. 

Gas  Analysis  -  A  frequently  used  technique  for  calculating  gas  temperature  uses  a  traverslble  cooled 
probe  to  extract  gas  samples  and  then  by  chemical  analysis  of  the  constituents  and  given  the  combustor 
Inlet  temperature,  calculating  the  enthalpy  rise  and  temperature  of  the  gas.  Reference  12.  The  method  Is 
complex  and  requires  great  care  to  achieve  reasonable  accuracy,  nevertheless  It  does  work. 


*  Development  work  is  currently  In  progress  under  NASA  contract  NAS3-22002. 
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OPTICAL  METHODS  FOR  FLOW  MEASUREMENTS  IN  COMBUSTORS 
BURNER  VISUALIZATION 

Information  on  the  grots  properties  of  the  flow  in  a  combustor  may  be  obtained  by  direct  visualization 
using  an  optical  system  capable  of  operation  at  high  temperatures.  The  feasibility  of  direct 
visualization  has  Improved  significantly  in  recent  years  with  the  availability  of  low  loss  high 
resolution  fiber  optics  that  can  be  run  at  relatively  high  temperatures. 

An  example  of  an  installation  with  a  lOOo  field  of  view  Is  shown  in  Figure  7  .  Systems  of  this  type 
are  currently  under  development  and  are  intended  to  yield  information  on  spray  angles,  location  and 
dynamics  of  flame,  flame  impingement  on  liner  walls  and  location  of  carbon  deposits. 

LASER  VELOCIMETRY 

The  introduction  of  laser  velocimetry  has  made  possible  the  measurement  of  gas  velocity  and  turbulence  at 
locations  which  were  previously  difficult  or  impossible  to  achieve  with  conventional  probes.  Because  of 
the  nonintrusive  nature  of  the  technique  it  is  especially  useful  in  and  near  rotating  blades  in  small 
passages,  and  in  very  high  temperature  gases.  Thus,  it  is  now  possible  to  measure  the  velocity  field  in 
combustors  and  turbines  provided  that  suitable  optical  access  can  be  obtained. 

At  P&WA  in  addition  to  extensive  applications  in  fans,  we  have  applied  the  technique  to  the  measurement 
of  velocity  fields  at  the  exit  of  a  duct  burning  fan  (concentric  high  temperature  jets),  and  at  the  exit 
plane  of  experimental  combustors.  Measurements  in  high  pressure  combustors  have  also  been  demonstrated. 

There  are  two  basically  different  forms  of  the  technique  currently  in  use,  the  laser  fringe  velocimeter 
as  in  References  13  and  the  laser  transit  or  two  focus  velocimeter,  as  in  Reference  14.  Each  has  its 
relative  advantages  and  disadvantages.  The  principle  difficulties  in  the  use  of  laser  velocimetry,  aside 
from  the  relative  complexity  of  the  apparatus,  Includes  the  selection  of  the  most  appropriate  form  of 
velocimeter  and  involves  the  following  issues: 


1.  Optical  access  to  the  point  of  measurement  must  be  provided. 

2.  Since  the  technique  is  based  on  the  scattering  of  light  from  small  particles  either  natural  or 
artificially  entrained  in  the  flow,  the  particles  must  be  small  enough  to  accurately  follow  local 
flow  accelerations.  Generally,  particles  smaller  than  one  micron  in  diameter  are  required.  Our 
experience  has  been  that  there  usually  are  sufficient  particulates  in  the  flow  downstream  of  liquid 
fueled  combustors  to  provide  quite  adequate  data  rates.  When  Insufficient  particulates  are  naturally 
available,  we  seed  high  temperature  flows  with  finely  divided  aliminian  oxide,  using  a  fluidized  bed 
with  inertial  separations  to  insure  dispersal  of  only  small  particles. 

3.  Because  of  licjit  scattering  from  solid  surfaces,  measurements  close  to  walls  can  be  difficult. 
Seeding  with  fluorescent  particles  can  improve  the  situation  in  low  temperature  flows  but  since  the 
fluorescent  dye  is  dispersed  in  droplets  of  organic  solvent,  it  cannot  be  used  at  high  temperatures. 

The  laser  transit  velocimeter  because  of  its  higher  intrinsic  slgnal-to-noise.ratio  may  give  the  best 
results  near  walls  in  hot  flows  although  at  present  no  comparative  data  on  the  two  systems  has  been 
publ ished. 

4.  If  information  is  required  on  such  things  as  the  turbulence  power  spectrum  or  spatial  correlation  of 
velocity  fluctuations,  it  Is  necessary  to  use  the  fringe  type  velocimeter  since,  in  the  present 
state  of  development  of  these  Instruments,  only  the  fringe  velocimeter  preserves  the  velocity-time 
relationships  in  the  flow. 

Verification  of  turbulence  power  spectrum  by  comparison  between  a  laser  fringe  velocimeter  and  a  hot  wire 
is  shown  in  Figure  8  .  The  technique  used  in  this  measurement  is  unique  in  that  the  spectrum  is  the 
Fourier  transform  of  the  cross  correlation  function  between  two  separate  laser  velocimeter  channels 
measuring  the  same  velocity  component  at  the  same  point  in  space. 

Velocity  correlations  at  different  points  In  space,  as  well  as  correlations  between  velocity  and 
temperature  fluctuations,  have  also  been  demonstrated  in  our  laboratory. 

RADIANT  AND  TOTAL  HEAT  FLUX 

Although  extensive  measurements  of  heat  flux  have  been  made  at  low  temperature,  data  taken  in  the  hot 
sections  of  actual  gas  turbines  varies  from  very  limited  to  nonexistent. 

The  conventional  methods  for  making  total  heat  flux  measurements.  Reference  15,  Involve  the  use  of 
thermocouples  to  measure  temperature  differences  In  sections  of  material  of  known  geometry  and 
conductivity.  A  typical  configuration  is  shown  in  Figure  9.  The  principle  problems  with  the  application 
of  these  heat  transfer  measurement  techniques  in  real  combustors  and  turbines  where  very  high 
temperatures  and  temperature  gradients  are  present  is  to  devise  an  installation  which  is  rugged  enough  to 
survive  the  environment  without  significantly  modifying  the  local  heat  flux  and  thus  producing 
Intolerably  large  measurement  uncertainty. 

Some  work  has  been  done  on  cooled  turbine  vanes  by  Implanting  large  numbers  of  thermocouples,  overcooling 
the  vane,  and  then  abruptly  restoring  normal  cooling.  Extensive  analysis  of  the  distribution  of  transient 
temperature  rise  then  allows  heat  flux  to  be  deduced. 

Sensors  for  the  measurement  of  total  heat  flux  employing  carefully  designed  fine  wire  thermocouples 
and/or  sputtere"  thermocouples  are  currently  under  development  but  are  not  yet  generally  available. 


In  a  high  pressure  combustor  it  is  necessary  to  distinguish  between  convective  and  -adiative  neat  fi-,». 
The  temperature  gradient  sensors  described  above  respond  to  total  heat  flu*.  The  radiant  component  of  the 
total  heat  flu*  can,  in  principle  at  least,  he  measured  with  a  radiometer.  A  very  interesting  inst'jnent 
of  this  type  was  reported  by  Professor  Moffat  of  Stanford,  Reference  16.  In  this  device  the  heat  trans'e* 
to  a  porous  plug.  Figure  10,  is  measured  while  blowing  a  cooling  fluid  through  the  plug.  When  suff >c4»n* 
coolant  is  flowing,  the  convective  heat  flu*  is  reduced  to  zero  and  only  t+“  radiative  component 
measured. 

STATIC  AND  DYNAMIC  STRAIN 

Extensive  measurements  of  strain  distribution  on  engine  hardware  are  normally  carried  out  as  part  of  tne 
engine  development  cycle;  however,  these  measurements  become  increasingly  difficult  and  unreliable  as 
metal  temperature  increases.  Capacitive  type  strain  gages  (Reference  17),  which  are  best  for  use  at  nigh 
temperature,  are  currently  much  too  large  to  resolve  the  strain  field  in  typical  hot  section  components. 
Resistive  wire  gages  have  the  desired  spatial  resolution  but  exhibit  the  properties  illustrated  in  Figurp 
11.  Temperature  and  drift  effects  shift  the  gage  zero  point  while  leaving  the  slope  approximate ly 
constant.  Therefore,  dynamic  or  vibratory  strain  is  much  more  easily  measured  than  static  strain. 

In  engine  development  it  would  be  very  desirable  to  measure  the  strain  range  in  turbine  blade  roots, 
burner  liners,  etc.  during  typical  take-off  and  landing  engine  power  settings  in  order  to  confirm 
predictions  related  to  the  low  cycle  fatigue  lifetime  of  the  engine  components.  This  is  currently  beyond 
the  state-of-the-art  for  parts  which  run  above  about  900°F  (775K). 

A  technique  which  has  proven  very  useful  in  the  examination  of  hot  section  hardware  under  actual 
operating  conditions  is  engine  radiography.  Reference  18.  Although  the  method  does  not  all-w  direct 
measurement  of  strain,  it  can  very  vividly  Show  internal  clearances,  distortion  and  dimensional  changes 
of  combustor  liners,  cooling  louvers  and  the  like  under  both  steady  state  and  transient  operating 
conditions.  The  system  in  use  at  Pratt  &  Whitney  Aircraft  employs  an  8  Mev  linear  accelerator  X-ray 
source  in  a  shielded  engine  test  stand.  Figure  12.  Images  are  recorded  with  either  film  or  through  a 
video  fluorbseope.  The  accuracy  of  dimensional  measurements  from  radiographs  is  limited  by  the 
characteristic  blur  in  X-ray  images  and  is  typically  +.003“  (.008cm)  to  +.008"  (.020cm)  on  well  defined 
edges.  To  get  better  accuracy  especially  with  thin  sectibns  and  components  with  poor  edge  definition,  it 
is  necessary  to  use  digital  image  analysis  techniques  such  as  described  in  Reference  19. 

CONCLUSIONS 

Combustor  and  turbine  development  is  hampered  at  present  by  significant  limitations  in  measurement 
technology.  Many  of  the  most  critical  parameters  required  for  confirming  the  lifetime  of  hot  section 
hardware  cannot  be  measured  directly.  This  complicates  the  interpretation  of  endurance  tests  and 
increases  the  time  and  cost  of  engine  development. 

Measurement  of  blade,  vane  and  combustor  liner  metal  temperatures  can  be  accomplished  using  pyrometry 
and/or  thermocouples  provided  the  precautions  mentioned  in  the  text  are  taken.  The  development  of 
sputtered  thin  film  sensors  should  significantly  improve  our  ability  to  install  thermocouples  in  cooled 
components  without  modifying  local  heat  transfer. 

Gas  temperature  distributions  using  vane  leading  edge  sensors  in  the  range  above  3200OF  (2050K)  present 
a  difficult  problem  because  of  the  rapid  failure  of  standard  noble  metal  thermocouples.  Traversible 
cooled  probes  using  thermocouples  or  gas  analysis  can  be  used,  but  it  is  difficult  to  get  complete 
coverage  of  the  entire  gas  path  with  a  traversing  probe.  Optical  techniques  such  as  CARS  have  not  yet 
been  demonstrated  in  gas  turbine  combustors. 

Direct  measurement  in  engines  of  radiant  and  total  heat  flux  distributions  on  combustor  liners  or  turbine 
vanes  and  blades  is  currently  beyond  the  state-of-the-art. 

Spatially  resolved  static  strain  and  measurement  of  strain  range  during  engine  acceleration  and 
deceleration  cycles  is  also  currently  beyond  the  state-of-the-art  for  hardware  operating  above  about 
900Of  (775K) . 
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figure  5  Vane  Leading  Edge  Thermocouple 


Figure  1  Heat  Flux  in  a  Cooled  Airfoil 
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Figure  2  Pyrometer  Engine  Instal lations 
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Figure  3  Pyrometer  Signal  For  One  Rotation 


figure  6  Calorimetric  Probe 


BURNER  VISUAL  RATION 


Figure  7  Burner  Visualization 


Figure  8  Spectrum  of  Axial  Velocity  Component  in  a 
Turbulent  Jet 


Figure*  Sputtered  Thin  FI l*  Thermocouple* 
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Figure  9  Typical  Heat  Flux  Sensor  Installation 
Schematic 


Figure  10  Porous  Plug  Radiometer 


Figure  12  Engine  Radiography 


DISCUSSION 


K  Kohsr-Hoinghaus.  Oe 

In  the  first  part  of  your  lecture  you  have  shown  a  slide  where  you  compared  the  'true"  metal  temperature  with 
pyrometer  measurements,  flow  did  you  get  this  “true"  temperature0 

Author’s  Reply 

The  slide  showed  two  temperature  signals  from  the  pyrometers  with  filtered  inputs  and  the  third  trace  was  the 
“corrected"  temperature  with  the  correction  being  accomplished  by  the  “dual  spectral"  technique  described  in 
Reference  4  of  this  paper,  i.e.  Atkinson,  W.ll.  and  Strange,  R.R.,  “Pyrometer  Temperature  Measurements  in  the 
Presence  of  Reflected  Radiation".  How  well  this  "corrected"  temperature  agrees  with  the  “true"  temperature 
needs  to  be  determined  by  comparison  with  metal  temperature  measurements  made  by  other  means. 


J.M.Owen.  UK 

With  respect  to  the  instrumentation  of  turbine  discs,  arc  sputtered  thermocouples  used  and  how  are  the  reference  air 
temperatures  measure.!?  Do  the  sputtered  thermocouples  need  individual  calibration  or  can  standard  calibrations  be 
applied? 

Author’s  Reply 

We  normally  use  wire  thermocouples  on  turbine  discs  although  when  the  development  of  sputtered  thermocouples 
is  complete,  they  could  also  be  used  in  situations  where  conventional  wire  thermocouples  are  considered  to  be 
unsatisfactory. 

The  intention  of  the  sputtered  thermocouple  development  programme  is  to  produce  a  thermocouple  with  a 
calibration  very  close  to  that  of  the  bulk  thermocouple  material,  so  that  no  separate  calibration  is  required. 

Reference  air  temperature  in  disc  cavities  is  normally  measured  with  appropriately  placed  air  thermocouples.  The 
data  on  air  temperature  are  frequently  not  as  complete  as  one  would  like  because  of  the  difficulties  in  placing  such 
thermocouples. 
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.  Summary 

The  knowledge  of  smoke  emissions  from  jet  engines  is  of  interest  for  civ;',  is  we.,  is 
for  mi  it. -try  engine  appl icat ions.  Smoke  emission  measurements  have  become  a  necessary 
and  reliable  tool  for  1  ow- eir. i ssi on  combustor  development.  At  MTU-Munchen  two  measuring 
techniques  were  designed:  one  for  reliable  cross-correl at.ons  and  basic  calibrations 
using  stained  filter  paper,  and  another  for  fast  continuous  measurements  based  or,  an  op-t  i - 

cal  extinction  method.  The  measuring  systems  are  described  in  the  paper  and  c ross - . r r » - 

lation  data  with  a  sucked  Hartridge  smoke  meter  is  presented.  The  paper  also  covers  the 
sampling  technique  and  the  sampling  probes  developed  at  MTU-Miinchen .  Analysis  of  results 
of  smoke- em 1 ssion  measurements  from  three  combustors  with  different  smoke  suppression 
methods  showed  good  accuracy  and  reproducibility  of  the  incorporated  measuring  systems. 


2.  Introduction 

The  design  of  low  smoke- emission  combustors  initiated  by  envi ronment a]  regulations' 
and  military  requirements^  has  prompted  the  development  of  exhaust  smoke  measurement  tech¬ 
niques.  The  test  procedure  for  sampling  and  measuring  exhaust  smoke  emissions  for  air¬ 
craft  gas-turbine  engines  compliance  was  specified  by  the  U.S.  Environmental  Protection 
Agency  .  The  procedure  involves  the  divertion  of  a  smal  fraction  of  the  engine  exhaust 
stream  which  is  passed  through  a  standardized  filter  at  known  sample  volume,  and  the  loss 
in  reflectivity  of  the  filter  is  measured.  Since  this  method  was  specially  conceived  for 
engine  compliance  tests  it  has  some  drawbacks  regarding  combustor  development  work.  The 
main  disadvantages  are  its  inability  to  carry  out  continuous  smoke  emission  measurements 
and  the  time-consuming  data  acquisition  which  makes  full  annular  combustor  traversing 
practically  impossible.  Other  smoke  measurement  methods,  where  the  transmission  of  1 igh* 
through  an  exhaust  gas  sample  is  measured,  exhibit  unacceptable  high  errors  at  low  smoke 
concentrations.  Furthermore,  the  accuracy  of  the  measuring  systems  displays  a  marked 
drift  because  of  smoke  particles  which  collect  at  the  optical  windows  changing  the  liqht 
transmission.  The  in  situ  smoke  measurement  methods,  which  are  based  on  the  light-scat 
tering  properties  of  aerosols4,  are  still  too  sophisticated  for  engine  development  work. 

Relying  on  the  method  that  involves  withdrawal  of  a  sample  flow,  an  improved  jti'-a, 
smoke  meter  was  designed  at  MTU-Miinchen  which  permits  continuous  smoke-emi ssion  measure¬ 
ments  with  sufficient  accuracy  at  low  smoke  concentrations. 


1.  Description  of  smoke  meters 

The  improved  optical  smoke  meter  designed  at  MTU-Miinchen  is  shown  schematical  ly  in 
Fig.  1.  The  exhaust  gas  sample  is  ducted  through  a  circumferential  slit  into  the  measu¬ 
ring  tube.  The  sample  flow  which  was  greatly  calmed  and  homogenized  in  the  circumferen¬ 
tial  channel  splits  uniformly  towards  the  tube  ends.  The  homogeneous  introduction  of  the 
sample  flow  was  necessary  to  avoid  the  formation  of  local  density  concentrations.  The 
measuring  tube  was  uniformly  heated  by  electrical  coils  wrapped  tightly  around  the  outer 
surface.  The  inner  surface  of  the  tube  was  fitted  with  aluminum  rings  having  their  sur¬ 
face  stained  to  disperse  light. 

Purge  air  was  introduced  radially  on  both  sides  of  the  tube.  The  mass  flow  was  bal¬ 
anced  in  such  a  way  as  to  keep  the  optical  lens  and  the  refelctor  clean  and  to  divert  the 
exhaust  gas  sample  towards  the  outer  collecting  channel.  The  mixture  of  air  and  exhaust 
gas  sample  was  finally  vented  from  the  collecting  channel.  The  length  of  the  tube  rele¬ 
vant  for  smoke  measurements  was  optimized  as  described  later  to  0.5  meters.  A  photo¬ 
graph  of  the  instrument  is  shown  in  Fig.  2.  The  measuring  tube  is  placed  behind  the  panel 
which  displays  the  control  instruments  for  pressure,  temperature,  and  mass  flow  of  the  gas 
sample  and  the  purge  air.  The  optical  instrument  is  featured  to  the  left  of  the  smoke 
meter. 

The  optical  instrument,  which  was  provided  by  the  E.  Sick^  company,  employs  a  chopped, 
dual  beam  optical  system.  The  light  from  the  source  is  divided  into  two  parts  by  a  beam 
splitter.  The  measuring  beam  is  transmitted  through  a  semipermeable  mirror  and  an  opti¬ 
cal  lens  across  the  entire  width  of  the  measuring  tube  to  a  corner  -  cube  reflector  on 
the  opposite  side.  The  beam  is  reflected  back  to  a  photocell  receiver  in  the  optical  in¬ 
strument.  The  reference  light  beam  is  projected  directly  to  the  receiver.  The  rotating 
disk  modulates  the  two  light  beams  at  two  different  frequencies  (1.5  kHz)  so  that  both 
beams  can  be  measured  by  the  single  photocell  in  conjunction  with  an  electronic  amplifier 
and  a  readout  unit.  The  reference  beam  provides  automatic  gain  control  and  therefore 
compensates  for  any  change  in  light  output  or  change  in  photocell  response  as  a  result  of 
temperature  changes,  voltage  fluctuations  or  aging  of  these  components.  Therefore,  the 
optical  system  is  free  of  inherent  drift  errors.  The  reflector  aperture  size  was  adapted 


t -j  th«*  r  ube  width  to  maintain  a  large  ratio  of  beam  cross  sectiona.  ar»a  to  ref  '.«■-?  or 
arr-a.  Since  th*  beam  is  uniform,  the  reflector  returns  a  constant  amount  of  light,  r> 
q.ir-i>5s  of  what  portion  of  the  beam  hits  the  reflector. 


Optical  Instrunent 


Measuring  Tube 


Fig.  1  Scheme  of  Optical  Smoke  Meter 


Fig.  2  Optical  Smoke  Meter 


The  optical  instrument  utilizes  a  photocell-filter  combination  to  achieve  a  photopic 
spectral  sensitivity.  The  maximum  light  intensity  is  at  0.55  micron  wavelength.  The  in 
strument  avoids  therefore  large  errors  caused  by  water  absorption  bands  in  the  near  in¬ 
frared  region  of  the  light  spectrum.  Furthermore  it  has  a  low  response  to  submicron  par 
ticulate  matter  which  results  in  low  errors  implied  by  aerosols. 


The  milliamp  current  output  of  the  instrument  is  direct  proportional  to  the  optical 
density  (D)  across  the  light  path  (1).  The  optical  density  is  defined  as  the  logarithm 
to  the  base  10  of  one  over  the  transmittance  (T): 


D  «  log  1/T 


(1) 


The  light  transmission 
attenuated  light  intensity 


through  a  measuring  volume  is  expressed  by  the  ratio  of  the 
(I)  to  the  initial  intensity  (I0). 
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It  r*r.  reia  t<*«i  to  th*»  more  prartirV.  srale  of  opacity  'Op)  js*H  ;  n  Har*1  r :  icj«*  sr  « 
meters  a3 : 
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Equation  f-  1  i  car.  fce  rewritten  ;n  t  he  for*'  of  Boucjuer  ’  s  Law: 

t  =  n'D  1 4  ■ 

Bv  employing  the  weil  known  Lambert  -  Beer '  s  Law  to  a  unit  volume  of  gas  -ini  issin.ng 
tha*  the  light  attenuation  is  caused  by  carbon  particles  alone,  one  can  show  tha*  ft"  op¬ 
tical  density  is  proportional  to  the  pathiength  and  the  concentration  (Ci  of  '-arbor,  pir- 
t ic 1 es : 

D  =  k  C  1  (o 

where  k  is  the  coefficient  of  extinction. 

This  relationship  can  be  readable  used  to  optimize  the  smoke  tube  width.  Since  for 
the  two  folded  light  beam  the  light  path  is  twice  the  smoke  tube  width  the  latter  was 
designed  to  yield  high  density  sensitivities  for  the  range  of  smoke  emissions  encountered 
from  aircraft  engines. 

The  design  features  of  the  SICK  optical  instrument  assure  an  operational  accuracy  of 
-  2.5 *  of  the  full  scale  span.  The  absolute  accuracy  of  the  scale  of  optical  density  can 
be  calibrated  by  density  filters  of  known  optical  density.  The  calibration  filters  used 
are  shown  in  Fig.  3.  Since  the  smoke  emission  of  gas-turbine  engines  is  low  and  falls 
into  a  range  where  the  optical  density  is  nearly  linear  to  the  opacity  only  the  filter 
with  an  optical  density  of  0.073  was  used  for  continuous  calibrations.  For  the  specific 
light  path  optimized  for  the  smoke  meter  its  optical  density  corresponds  to  on  opacity  of 
15.75*.  The  filter  can  be  easily  swept  by  hand  or  by  a  time  monitor  into  the  light  path. 

Optical  Density 

D  »  0.073  D  *  0.242  D  «  0.602 

Opacity 

15.48*  37.5*  75* 


Fig.  3  Calibration  Filters  of  the  Optical  Smoke  Meter 
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Fig.  4  Scheme  of  MTU-ARP1179  Smoke  Meter 
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The  downst  roan  metering  valves  w r (  ,  s  e  d  to  e  s  t  i :  .  .  n  *he  s  ■  ,  *  'o  f  ,  ow  r  i  ‘  ‘s  , 
sample  was  drawn  by  a  vacuum  n  .~  P  whirr,  was  bypassed  when  dr  i  w ;  r.  g  f  r  or  higr.-pres. 
-•es  sjrr.  as  *-he  combustor  rig  and  ths  fr.g.r.t  i-xhiiS*  .  The  f  .  ow  r  pof  -,r.ee  e.s*  a: 
was  hpi  1  constant  and  measured  by  the  rot  ir.tttr.  Th  s  -imp.  e  s;rt  '  W  was  i-r*; 
a  popitivr  displacement  volume  meter,  with  fffss  ,rt  at.  i  trr.pf.n*  .rf  ti'  iSir^fT.*  f 
.  mme-j  i  a  t  e .  y  upstream.  Its  rfid.nq  was  qrr.sMl  ;y  close  to  th«  standard  vi;  ime  -.1 
the-  associated  prtssore  And  temperature  va.ues  were  near  Atnosphtr  i  ~ . 


A  photograph  of  the  MTU  ARP-1177  smoko  meter  is  shown  in  Fig.  .  The  f  ,  ow  rate  Ad¬ 
justment  valves  and  the  rotameter  are  on  the  right  of  the  panel.  One  can  see  »ne  rt  r - 
Abie  filter  support  m  the  middie  of  the  apparatus. 


Fig.  5  ARP-1179  Smoke  meter 


The  filter  paper  inserted  into  the  filter  support  was  the  required  Whatman  Ho.  4  pa¬ 
per.  The  smoke  spots  accumulated  on  the  filter  paper  during  the  sample  operation  and 
were  evaluated  with  a  ref lectometer  which  wa3  incorporated  in  the  apparatus  shown  in 
Fig.  5.  The  measuring  principle  of  the  ref lectometer  is  shown  in  Fig.  4.  The  light  beam 
of  the  source  was  directed  onto  the  filter  paper  and  the  diffuse  reflectance  was  measured 
by  a  photocell.  The  smoke  number  (SN)  was  calculated  from  the  reflectance  reading  of 
each  spot  by: 

SN  =  100  ( 1  -  R3/Rw>  (6  > 

where  Rs  and  Rw  are  the  diffuse  reflectance  of  the  sample  spot  and  clean  filter,  respec¬ 
tively.  The  smoke  number  of  four  sample  sizes  was  determined  according  to  the  specifi¬ 
cations  and  plotted  on  semilog  coordinates,  with  the  sample  size  per  unit  filter  medium 
area  (W/A)  as  the  logarithmic  abscissa.  The  reported  smoke  number  was  read  from  the 
straight  line  joining  the  four  points  for  the  specified  sample  size  W/A  =  0.0162  gm/mm2. 

The  ref lectometer  was  calibrated  for  total  reflectance  with  a  standard  having  a  white 
chalk  coloured  surface  and  for  total  diffusion  with  a  black  standard.  Calibration  was 
made  regularly  throughout  the  measurements. 


4.  Sampling  technique  and  probe  design 

The  sampling  system  used  for  smoke  measurements  during  combustor  rig  and  engine  com¬ 
pliance  tests  is  shown  schematically  in  Fig,  6,  The  sampling  lines,  their  geometry, 
overall  length  and  bending  radius  correspond  to  the  EPA  requirements.  The  lines  were 
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#vd  a  fid  the  gas  sample  temperature  <ep^  at  1  r, '  'C  -  p  r  ^  the  a^as.r;^  ;  r.  st  r  t  s  .  A  r. 

isokinetic  mass  f  ,ow  rejucer  was  installed  m  the  sampling  line  :  r.  order  to  ensure  tt.a*- 
“he  mass  flow  directed  to  the  instruments  contained  the  respreser.t  at  i  ve  smoke  concert  ra 
tion.  Dry  purge  air  was  used  for  operation  of  the  optical  smoke  meter  and  for  r  leering 
*r,e  AfcP  Jl??  instrument.  The  continuously  measured  smoke  emission  and  some  rharacter.s- 
nr  daf  a  of  test  conditions  were  traced  r,y  a  multi-channel  chart  recorder. 
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Fig.  6  Sampling  System  Schematic  Diagram 


Fig.  7  Sampling  Probe  for  Combustor  Tests 


For  sampling  smoke  emissions  from  combustor  rig  tests  a  five-point  water  cooled 
pitot-like  probe  was  designed,  and  is  depicted  in  Fig.  7.  The  width  of  the  probe  corre¬ 
sponds  to  the  annular  combustor  exit  plane  height.  The  cooling  water  impinges  on  the 
hot  leading  surface  of  the  probe  and  is  drained  along  the  inner  structure.  It  is  kept 
under  pressure  above  a  temperature  of  100°C.  The  five  gas  sampling  lines  are  joined  in 
a  main  duct  as  shown  in  the  photograph.  The  sample  gas  temperature  inside  the  duct  is 
monitored  by  a  thermocouple. 

Three  gas  sampling  probes  were  installed  in  the  combustor  chamber  outlet  plane  as 
3hown  in  Fig.  8.  In  order  to  obtain  a  full  outlet  traverse  during  a  complete  traverse 
gear  sweep  they  were  placed  120°  apart.  During  the  same  sweeps,  temperature  traverses 
of  the  combustor  chamber  outlet  were  also  recorded  and  it  was  possible  to  select  a  single 
probe  smoke  emission  traverse  as  well.  The  photograph  shows  the  probe  set-up  for  high- 
pressure  combustor  tests.  One  can  see  the  combustor  exit  liner  and  the  pressure  nozzle. 
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A  multipoint  sampling  props  for  smoke  measurements  was  designed  at  MTV  Mur.-.-or,  tase-i 
on  the  specif ication  for  engine  compliance  tests  laid  down  by  EPA.  A  schema* ; -  of  the 
probe  and  some  special  design  features  are  shown  in  Fig.  9.  The  29  sampling  holes  were 
of  equal  diameter  and  covered  the  exhaust  gas  let.  The  sampling  probe  was  placed  .rr.me- 
diately  behind  the  engine  exit  plane.  The  cooling  system  was  designed  to  protect  the 
probe  even  during  engine  reheat  operation.  The  cooling  water  was  injected  into  the  for¬ 
ward  plenum  of  the  probe.  From  the  plenum  the  largest  part  of  the  wat«-r  was  pass"d 
through  thin  holes  in  the  wall  and  impinged  on  a  cooling  jacket.  It  was  then  directed 
along  the  slit  between  the  jacket  and  the  outer  structure  surface  to  the  rear  ar.d  ver.<-ed 
into  the  exhaust  gas  stream.  The  other  part  of  the  water  passed  through  holes  in  the 
strut  from  the  plenum  into  the  afterbody  of  the  probe,  from  where  it  was  also  vented 
the  gas  stream. 


Lints 


Fig.  8  Probe  Installation  for  High  Pressure  Combustor  Full  Annular  Traverse 


Fig.  9  Sampling  Probe  for  Engine  Tests 


The  principal  pressure  drop  of  the  exhaust  gas  sample  occurred  at  the  entrance  ori¬ 
fices.  The  samples  were  mixed  in  a  main  sampling  tube  installed  in  a  heating  tube,  thus 
avoiding  the  precipitation  of  water.  The  heating  medium  was  hot  exhaust  gas  entering  the 
tube  through  pipes  arranged  at  the  outer  region  of  the  gas  jet.  The  flow  rate  of  the  hot 
gas  was  monitored  by  thermocouples  to  keep  the  temperature  in  the  tube  around  150°C.  The 
installed  probe  during  engine  reheat  operation  is  shown  in  Fig.  10.  The  probe  was  used 
for  smoke  and  gas  component  emission  measurements  as  well. 
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oke  meters  connected  to  the  same  sampling  probe  as  shown  m  Fig 
h  other  during  high  pressure  combustor  rig  tests.  This  method 
s  chosen  because  no  specified  absolute  smoke  concentration  call 
basing  on  the  formation  of  well  defined  aerosol  mists  were  not 
pie  of  such  a  cross-calibration  is  shown  on  the  graph  in  Fig.  1 
f  the  AFP  1 1 79  instrument,  i.e.  SS,  acquired  from  four  samples, 
tir-al  density  indicated  by  the  optical  smoke  meter  for  th*  sam* 
ons.  The  scale  on  the  right  represents  the  smoke  density  of 
d  by  measuring  the  mass  of  each  smoke  spot  on  the  filter  paper 
sample  sire.  The  calibration  results  plotted  on  the  graph  wer 
h  various  combustors. 
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Fig.  10  Smoke  Sampling  Probe  During  Engine  Test 
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Fig.  11  Calibration  of  MTU  Smoke  Emission  Instruments 

The  range  of  data  scatter  depicted  on  the  graph  can  thus  be  explained  by  the  error  in 
the  instruments  themselves  which  becomes  larger  for  low  smoke  numbers  and  by  the  differ¬ 
ence  of  carbon  particle  size  distribution  for  low  and  high  smoke  emission  combustors. 
Viewed  through  a  microscope  the  nature  of  carbon  particles  deposited  on  the  filter  paper 
appeared  somewhat  different  for  low  smoke  and  high  smoke-emission  combustors.  An  example 
of  smoke  spots  sampled  from  various  combustors  is  shown  in  Fig.  12.  The  filter  papers 
were  placed  on  the  rotating  disc  in  such  a  way  as  to  show  a  clockwise  reduction  of  SN. 
Although  no  detailed  investigation  was  included  in  this  program  for  determining  the 
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composition  and  the  particle  size  distribution  of  the  smoke  spots,  it  was  qualitative:-/ 
observed  that  low-smoke  combustors  deposited  small  /imi  and  soft  carbon  fir*.r>s 

whereas  hiqh-smoke  combustors  emitted  larqer  (0.2  psi  and  more  brittle  mater. si.  The 
soft  carbon  particles  tended  to  agglomerate  very  irrequiarly  on  the  filter  paper  surface 
which  made  the  smoke  spot  become  more  or  less  diffuse  to  light  reflection.  The  optical 
diffusion  coefficient  (K)  of  the  smoke  spot  can  be  expressed  by  the  number  of  particles 
per  unit  volume  (n),  the  average  projected  area  of  each  particle  (Al  and  the  sperifi- 
absorbance  (q ) : 

K  »  n  A  q  (71 


Fig.  12  Smoked  Stained  Filter  Paper 

Stochastic  agglomeration  of  particles  on  the  filter  surface  can  obscure  the  average 
projected  area  and  since  the  intensity  of  the  reflected  light  is  a  function  of  the  opti¬ 
cal  diffusion  coefficient,  different  reflectivities  where  measured  for  the  same  true 
smoke  density. 

It  should  be  noted  therefore  that  the  optical  diffusion  coefficient  (eq.  7)  can  be 
set  equal  to  the  extinction  coefficient  (eq.  5)  only  if  the  smoke  spot  is  uniformly  cov¬ 
ered  by  particles.  This  result  restricts  the  characterization  of  smoke  emitted  by  turbo- 
machines  made  by  Pianko^  to  such  cases  of  uniform  particle  distribution  on  the  smoke  spot. 

The  correlation  between  the  smoke  number  SN  and  the  smoke  density  agrees  well  with  a 
similar  relationship  reported  by  Champagne®. 

As  can  be  seen  from  Fig.  11,  the  optical  density  was  affected  to  a  lesser  degree  by 
the  constitution  of  the  smoke  plume.  Since  the  smoke  particles  moved  homogeneously 
through  the  smoke  tube,  no  local  agglomeration  was  possible  and,  as  has  already  been  de¬ 
scribed,  the  photopic  light  system  prevented  the  light  attenuation  by  small  particulate 
matter.  Furthermore,  low  smoke-emission  combustors  had  a  steady  smoke  emission  charac¬ 
teristic  as  is  shown  in  Fig.  15. 

The  correlation  between  the  smoke  number  and  the  optical  density  for  SN  50  can  be 
expressed  as 

SN  =  224  D0,515  (8) 


This  relationship  was  used  to  compare  engine  smoke  emission  measurements  with  compli¬ 
ance  regulations.  The  MTU  optical  smoke  meter  was  calibrated  against  a  Hartridge  smoke 
meter  by  using  the  same  sampling  line  connections  shown  in  Fig.  6  only  substituting  the 
ARP  1179  instrument.  The  calibration  results  are  shown  in  Fig.  13  where  the  Hartridge 
Smoke  Units  (HSU)  are  plotted  against  the  measured  optical  density  for  the  same  combustor 
operating  point.  The  relationship  between  HSU,  wich  is  identical  to  the  opacity  of  the 
gas  sample,  and  the  optical  density  is  linear  for  the  low  smoke  emission.  Since  the  ex¬ 
haust  gas  sample  under  investigation  was  the  same  for  both  instruments  the  coefficient  of 
extinction  and  the  smoke  concentration  were  identical.  The  optical  density  of  the 
Hartridge  smoke  meter  can  be  deduced  therefore,  from  equation  5  as: 

dhsu  -  dmtu  (9> 


The  broken  line  in  Fig.  13  represents  this  relationship.  Since  the  length  of  the 
optical  path  of  the  MTU  smoke  meter  was  chosen  to  be  approximately  twice  that  used  for 
the  Hartridge  meter,  the  sensitivity  of  the  MTU  measuring  instrument  was  greatly  improved. 
As  illustrated  in  the  graph  by  the  shaded  portions,  the  sensitivity  of  the  optical  den¬ 
sity  of  the  MTU  smoke  meter  has  doubled  in  the  range  of  smoke  visibility.  A  further  in¬ 
crease  in  the  path  length,  which  would  have  resulted  in  still  higher  sensitivities,  was 


discarded  because  the  transient  response  of  the  instrument  would  have  fcepr.  worsened  -.w.r.g 
to  the  longer  filling  time  of  the  smoke  tube. 


Fig.  13  Calibration  between  MTU-Smoke  Meter  and 
Hartridge-Smoke  Meter 

The  calibration  results  were  compared  with  correlation  formulas  deduced  from  previous 
measurements.  They  are  plotted  in  Fig.  14  as  HSU  versus  SN  together  with  correlations 
given  by  Pianko^  and  Shaf f ernocker®.  The  improved  sensitivity  of  the  MTU  smoke  meter 
made  it  possible  to  obtain  reproducible  results  for  low  smoke  emissions,  which  allows  for 
a  reliable  correlation  at  SN<20. 


Smoke  Number  [SN] 

Fig.  14  Comparison  of  Smoke  Emission  Data 

The  MTU  correlation  curve  and  the  relationship  given  by  Shaf f ernocker  agree  well  for 
SN<50.  Both  curves  were  determined  experimentally.  The  theoretical  curve  by  Pianko  for 
an  assumed  coefficient  of  extinction  k  =  0.5  deviates  from  the  measured  values  even  for 
SN<50.  The  reason  of  this  deviation  has  already  been  described  and  stems  from  the  assump¬ 
tion  that  the  coefficient  of  absorbtion  is  equal  to  that  of  extinction.  Shaf fernocker 
has  obtained  a  good  correlation  of  his  experimental  data  by  using  a  value  of  k  =  0.913 
for  the  extinction  coefficient. 


6.  Combustion  chamber  and  engine  smoke  measurements 

The  optical  smoke  meter  has  been  extensively  used  for  combustor  development  work  and 
engine  compliance  tests.  Its  ability  to  monitor  continuously  the  optical  density  of  ex¬ 
haust  gas  samples  made  it  possible  to  determine  locally  sources  of  high  smoke  production 
in  combustors  during  high  pressure  operating  conditions. 

Some  typical  traces  of  smoke  emissions  from  combustor  development  tests  are  shown  in 
Fig.  15.  The  variation  in  smoke  emission  expressed  in  HSU  sampled  by  a  single  sampling 
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rake  (see  Fig.  7 ]  during  a  stepwise  traverse  of  120°  is  plotted  for  a  combustor  at  three 
development  stages.  The  traverse  gear,  which  was  rotated  by  an  increment  of  5  degrees, 
was  held  in  the  same  position  for  0.5  minute  to  allow  stabilization  of  the  measuring  con¬ 
ditions.  The  combustor  operating  conditions  were  the  same  for  all  three  traces’, 
inlet  pressure  and  temperature  15  bar  and  830  K  respectively,  and  air  fuel  ratio  42. 
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Fig.  15  Smoke  Emission  Traverse  from  HP  Combustor  Tests 

The  standard  combustor,  which  incorporated  vaporizers  for  fuel  injection,  exhibited 
large  variations  in  smoke  emission  levels.  From  the  pattern  of  smoke  variation  it  was 
possible  to  locate  sources  of  smoke  formation  in  the  primary  zone  and  hence  design  modi¬ 
fications  to  avoid  them,  which  were  incorporated  in  a  reduced-smoke  combustor.  This  com¬ 
bustor  showed  a  more  uniform  annular  smoke  distribution  at  a  lower  level.  Aerodynamic 
rebalancing  of  the  primary  zone  resulted  in  a  low-smoke  combustor  which  had  a  uniform 
smoke  emission  at  a  mean  level  below  1  KSU.  The  mean  values  shown  on  the  graph  were  cal¬ 
culated  off-line  by  an  automatic  data  acquisition  system.  The  knowledge  of  full  annular 
smoke  emission  distribution  has  proved  to  be  a  necessary  prerequisite  for  developing 
successful  smoke  reduction  modifications  for  combustors. 

Results  of  smoke  emission  measurements  from  engine  tests  using  the  according  sampling 
orobe  (see  Fig.  9)  are  represented  in  Fig.  16.  The  measured  HSU  values  are  plotted 
against  the  high  pressure  shaft  rotation.  The  result  of  combustor  development  work  be¬ 
comes  very  obvious,  the  engine  fitted  with  the  low  smoke  combustor  has  a  smoke  emission 
level  below  the  visibility  threshold  over  the  full  operation  range.  The  results  of  com¬ 
bustor  rig  tests  at  engine  conditions  compare  well  with  the  engine  results.  Since  they 
are  not  corrected  by  the  amount  of  HPT  cooling  flow  which  mixes  with  the  main  gas  stream 
and  causes  a  reduction  in  the  smoke  concentration  and  thus  in  the  HSU  value,  they  lie 
above  the  curves  linking  the  engine  smoke  measurements. 
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•  Standard  Combustor  (SC) 


-  Reduced  Smoke  Com  bus  tor  (RSC) 


Low  Smoke  Combustor  (isc) 


Pig.  16  Smoke  Emission  Measurements  from  Engines 


7.  Conclusions 


By  using  an  optical  densitometer  with  high  accuracy  and  incorporating  it  m  a  newly- 
designed  smoke  tube  an  indirect  optical  system  has  been  developed  with  sufficient  sensi¬ 
tivity  to  evaluate  low  3moke  emissions  from  gas  turbine  engines.  Because  of  the  opti¬ 
mization  of  the  optical  path  length  of  the  system  with  regard  to  high  sensitivity  and 
transient  response,  continuous  monitoring  of  smoke  emission  from  combustors  and  aircraft 
engines  was  possible.  Calibration  of  the  optical  system  with  an  ARP  1179  smoke  meter, 
using  the  stained  filter  paper  technique,  for  smoke  measurement,  and  a  Hartndge  instru¬ 
ment  showed  reliable  data,  which  were  reproducible  at  low  smoke  concentrations.  Since 
the  system  is  compatible  with  automatic  data  acquisition,  fast  evaluation  of  test  data 
was  possible. 

The  sampling  probes  designed  for  high-pressure  combustor  and  engine  compliance  tests 
permitted  the  extraction  of  representative  exhaust  smoke  samples.  The  measurement  of 
full  annular  smoke  distributions  at  combustor  outlets  has  proved  to  be  an  indispensable 
information  for  low-smoke  combustor  design. 
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DISCISSION 


K  K  ohtr  Homghaux  '  « 

lliiw  d<>  v •  x j  Jc  nii-  .miiHt-  mi  that  it  is  not  dependent  on  the  type  of  mixture  and  so  that  you  have  no  need  to 
sorrest  ;o«  abwuptum  i!  Hydrocarbons.  SOj  HjO  etc 


\uthors  Reply 

Smoke  in  our  terminoloyy  is  hlack.  grey  or  even  white  particles,  including  aerosols,  suspended  in  the  gaseous  exhaust 
stream  which  ohs*.,,.  •  reflect  and  refract  light  Therefore  any  particles  or  chemical  substances  like  hydrocarbons  or 
SOj  that  attenuate  unlit  are  smoke  and  we  do  not  have  to  correct  for  their  absorption  Tor  the  gas  turbine  producer 
smoke  is.  if  you  wish,  a  definition  and  not  J  specific  substance 


t. Covert.  t  S 

Would  you  please  discuss  the  problem  of  selecting  the  velocity  of  flow  in  the  sampling  tube  and  the  cell  to  keep 
particles  suspended  over  a  wide  range  of  particle  si/.e? 


Author's  Reply 

The  velocity  of  the  flow  in  the  sampling  tube  was  selected  to  keep  smoke  particles  afloat  To  achieve  this,  a  series 
of  tests  was  necessary  and  the  results  from  those  tests  are  in  fact  the  actual  operational  know-how.  The  way  the 
exhaust  gas  sample  is  introduced  into  the  smoke  measuring  tube  and  the  purge  air  mass  flow  is  adjusted,  required  a 
good  deal  of  experimental  work.  Although  I  don't  want  to  quote  exact  figures.  I  can  give  you  an  indication  of  the 
range  of  velocities  by  telling  you  that  the  sample  mass  flow  is  four  to  five  litres  per  minute  and  the  approximate 
inner  diameter  of  the  tube  is  50  cm. 


V.Wiftmer,  Ge 

In  the  paper  a  smoke  number  (SN)  is  described.  Does  a  correlation  exist  between  this  SN  and  the  soot  number  of 
the  Bacharach  scale'’ 

Author’s  Reply 

The  correlation  between  the  smoke  number,  SN  and  the  Bacharach  soot  number  is  described  in  the  literature.  You 
can  find  a  correlation  curve  in  the  paper  by  Shaffernocker  which  I  have  listed  in  the  references.  We  have  not 
calibrated  our  optical  smoke  meter  against  an  instrument  recording  soot  numbers  because  the  latter  is  much  too 
insensitive  at  low  smoke  concentrations.  The  Bacharach  soot  number  is  therefore  also  not  being  applied  in 
combustor  or  engine  development  work. 


D.H. Lister,  UK 

One  of  your  slides  showed  the  calibration  curve  of  the  MTU  optical  smoke  meter  against  an  ARP-1 1  79  filter  system. 
The  minimum  values  were  about  SN  =  20  where  the  errors  were  becoming  significant.  Would  it  be  feasible  to  use 
the  optical  method  for  making  satisfactory  measurements  below  SN  =  20  ,  (e.g.  at  SN  =  10)  since  this  is  the  r-sion 
for  many  civil  engines? 

Author’s  Reply 

The  graph  in  Figure  1 1  you  are  referring  to  was  limited  to  SN  =  20  because  the  ARP-1 1 79  instrument  was  not 
accurate  enough  for  lower  values.  It  was  difficult  to  get  a  decent  grey  spot  on  the  filter  paper  even  for  large  sample 
sizes  like  500  litres.  We  omitted,  therefore,  for  calibration  purposes,  smoke  concentrations  below  SN  =  20.  The 
optical  instrument,  however,  is  well  suited  to  measure  values  of  SN  =  10  (i.e.  D  =  0.01 )  with  the  accuracy 
described  in  the  paper.  In  fact  Figure  13  shows  a  measuring  point  at  D  =  0.01 2.  If  one  concentrates  measurements 
of  smoke  emissions  below  SN  =  20  one  can  calibrate  the  full-scale  span  of  the  optical  instrument  accordingly  to 
D  =  0.025  and  use  such  a  calibration  filter  for  continuous  checks.  Let  me  stress  especially  for  civil  applications  the 
advantage  of  the  optical  smoke  meter,  which  needs  a  sample  flow  of  only  about  five  litres  per  minute  for  accurate 
readings,  as  compared  to  up  to  one  hundred  litres  per  minute  for  the  ARP-1 1 79.  The  saving  in  measuring  time  and 
costs  becomes  thus  obvious. 


J.S.Lewis,  UK 

Are  you  surprised  at  the  good  correlation  that  you  obtain  between  rig  and  engine  tests  particularly  when  you 
consider  the  different  conditions  that  exist;  for  example, 

(i)  on  the  bypass  engine  in  question  the  turbine  exhaust  gases  partially  mix  with  the  clear  air  from  the  fan  at  the 
nozzle  exit  plane  which  makes  obtaining  a  representative  sample  difficult? 

(ii)  does  any  burn-out  of  carbon  particles  occur  between  the  combustor  exit  plane  (on  the  rig)  and  the  engine 
nozzle  exhaust  plane? 


Author's  Reply 

I  was  surprised,  and  obviously  pleased,  by  the  good  correlation  between  engine  and  rig  results,  but  a  detailed  look  at 
the  correlation,  which  will  also  answer  your  two  questions,  makes  it  not  so  surprising  but  obvious  First,  the  exhaust 
gas  sample  holes  in  our  engine  rake  cover  only  the  outlet  area  of  the  core  jet  We  avoid  therefore  the  mixing  effect 
of  the  bypass  air  and  do  measure  in  fact  the  smoke  emission  from  the  combustor.  Second,  the  already  small  smoke 
concentration  measured  during  combustor  tests  makes  after  burning  of  smoke  particles  improbable  and  this  is 
proved  in  fact  by  the  good  correlation.  If  one  hears  in  mind  that  the  combustor  tests  arc  performed  under  true 
engine  conditions  (pressure,  entry  temperature  and  AFR)  the  good  correlation  is.  as  I  have  mentioned,  not  really 
surprising  anymore. 


W.G.AIwang,  US 

Is  it  a  problem  to  keep  the  optics  free  of  dirt  and  soot?  Does  the  calibration  drift  due  to  this  effect'’ 

Author’s  Reply 

Since  the  purge  air  on  both  ends  of  the  tube  diverts  the  exhaust  gas  sample  completely,  no  dirt  or  soot  reaches  the 
optics  and  hence  we  do  not  have  problems  of  keeping  them  clean.  In  fact,  as  you  can  see  from  the  sketch  in 
Figure  I ,  the  advantage  of  our  design  is  that  we  can  even  skip  the  application  of  windows  which  are  the  source  of 
problems  in  conventional  apparatus.  As  a  consequence  we  do  not  have  a  calibration  drift  caused  by  sooting  of  glass 
windows.  We  use,  if  you  wish,  aerodynamic  curtains. 
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RESUME 

La  connaissance  des  temperatures  locales  et  des  concentrat ions  en  espAces  polluantes  dans  le  jet  d'un  tur- 
boreacteur  ©n  rechauffe  est  utile  au  motoriste  a  deux  titres  : 

-  d'une  part,  pour  optimiser  le  rendement  de  la  rechauffe, 

-  d'autre  part,  pour  evaluer  1 ' importance  de  la  pollution  de  l'air  creee  par  le  moteur. 

Un  dispositif  d’analyse  des  gaz  prAleves  par  peignage  a  la  sortie  de  la  tuyere  d'un  moteur  OLYMPUS  au  sol 
et  en  altitude  simulee  est  prAsentA. 

Les  resultats  obtenus  montrent  la  difficult*  de  figer  la  composition  des  gaz  preleves  avant  I'analyse  et  la 
necessity  d'ameliorer  les  techniques  de  mesure  dans  les  gaz  d' echappement  a  haute  temperature. 


1  -  INTRODUCTION 

La  connaissance  des  temperatures  locales  et  des  concentrat ions  en  especes  polluantes  dans  le  jet  d'un  tur- 
boreacteur  en  rechauffe  est  utile  au  motoriste  a  plus  d'un  titre.  Elle  lui  permet  d'une  part  de  calculer  le 
rendement  de  profit  et  le  rendement  enthalpique  de  la  rechauffe  et  de  disposer  des  donnees  de  base  pour  opti¬ 
miser  la  repartition  du  carburant  dans  le  systeme  de  rechauffe.  Elle  lui  permet  d'autre  part  de  rechercher 
les  solutions  suaceptibles  de  diminuer  la  pollution  due  a  la  rechauffe  en  partant  des  donnees  recueillies 
experimental ement . 

Rappelons  en  effet  qu'en  rechauffe  une  combustion  residuelle  importante  se  produit  dans  le  jet  issu  de  la 
tuyere  permettant  1 'oxydation  d'une  fraction  du  Co  et  des  hydrocarbures  imbrdles  presents  a  la  sortie  de  la 
tuyere.  La  mesure  de  la  pollution  d’un  moteur  doit  done  en  principe  se  faire  dans  un  plan  situe  suf f isamment 
loin  dans  Xe  jet  pour  que  par  suite  du  melange  avec  l'air  ambiant,  les  evolutions  chimiques  soient  termi- 
nAes.  Ceci  a  Ate  affectuA  pour  connaltre  la  pollution  au  regime  de  decollage  au  sol  iftais  ne  peut  se  faire  si 
1 ’on  veut  mesurer  la  pollution  d'un  raoteur  en  rechauffe  dans  les  conditions  d'altitude.  En  effet  on  ne  peut 
en  gAnAral  pas  realiser  la  mesure  au  caisson  d'altitude  tres  loin  de  la  tuyere  e^  en  outre  la  simulation  de 
l’ecoulement  externe  n'est  pas  correctement  simulee,  les  evolutions  chimiques  n’etant  alors  pas  semblables 
A  ce  qu'elles  sont  dans  la  reality  ;  on  est  done  contraint  d'effectuer  la  mesure  dans  le  plan  de  sortie  de 
la  tuyAre  et  d'utiliser  une  modAlisation  de  1 'evolution  des  especes  polluantes  dans  le  jet  pour  calculer  la 
pollution  residuelle  effective. 

Toutefois  la  mesure  de  ces  temperatures  locales  tres  ©levees,  dans  un  envi ronnement  tres  severe,  ainsi  que 
le  figeage  des  echanti lions  gazeux  preleves  posent  des  problemes  difficiles  que  nous  avons  tente  de  resou- 
dre  par  1 'utilisation  de  sondes  a  detente  supersoniques. 

Une  campagne  d'essais  sur  moteur  OLYMPUS  au  caisson  d'altitude  R5  du  CEPr  a  permis  d' exploiter  ces  techni¬ 
ques  sur  un  system©  de  rechauffe  simple  ;  les  resultats  de  ces  essais  sont  prAsentes  dans  ce  qui  suit. 

2  -  MATERIEL  EN  BSSAI  -  EQUIP EMENT  PE  MESURE 

2.1-  Le  moteur  en  essai 

Le  moteur  en  essai  est  un  turborAacteur  simple  flux  avec  rechauffe  OLYMPUS  593  Mark  6 10  de  conception  RDLLS- 
ROYCE/SNECMA  present £  en  coupe  Figure  1. 

Le  taux  de  compression  est  de  16  au  dAcollage  et  11,3  en  croiaiAre*  Les  compresseurs  basse  et  haute  pres- 
sions  ont  tous  deux  sept  Stages  de  compression  et  chacun  est  entralnA  par  une  turbine  mono-etage.  Le  moteur 
est  AquipA  d'une  tuyere  primaire  A  section  variable  qui  permet  en  ajustant  des  vitesses  de  rotation  des 
corps  haute  pression  (HP)  et  basse  pression  (BP)  d’obtenir  simul tenement  les  vitesses  de  rotation  et  la 
temperature  d'entrAe  turbine  optimales  dans  toute  la  plage  de  variation  de  la  temperature  de  l'air  A 
1'entrAe  du  moteur. 

La  rechauffe  permet  avec  un  taux  de  rechauffe  de  20  %  de  rAaliser  au  dAcollage  une  poussAe  tres  elevAe  par 
rapport  A  la  poussAe  utilisAe  en  croisiAre  (5  fois  plus).  Elle  est  utilisAe  pendant  l 'accAlAration  trans- 
sonique  et  la  phase  de  montAe  A  1 'altitude  de  croiaiAre.  Le  systAme  de  rechauffe  est  de  conception  SNECMA 
ainsi  que  1 'ensemble  des  tuyAres  primaires  et  secondaires.  Le  systAme  de  rechauffe  comprend  un  stabilisateur 
torique  A  prof 11  en  V  de  570  mm  de  diamAtre  et  une  rampe  d' injection  de  carburant  A  contre-courant  A  enclume 
situAe  en  amont  du  atabillsateur •  L'ensemble  est  fixA  sur  le  eftne  d ' Achappement. 

2.2  -  Equl pements  de  mesures  et  d'essais 

2.2*1  -  Caisson  mimulA 

Le  caisson  en  vol  simul A  peut  Atre  utilisA  pour  des  essais  aAro dynast i que s  et  des  essais  de  moteurs  complete 
en  vetne  forcAe  ou  en  jet  llbre.  Un  schAsta  du  caisson  est  prAsentA  figure  n*  2.  II  est  reprAsentatif  d'un 
essai  en  veine  forcA  du  moteur  OLYMPUS.  Le  caisson  est  dlvisA  en  deux  compart intents. 


*<"  * 


-  un  '  omp*rt  jm**nt  fa  t  r  anqu  1  1 1  i  sat  i  on  r<*l  aux  circuit*  -i’air  1 '  al  at  >  •'*  v*i  a*«'>r*»  par. 

dimensions  un#  faihle  vitesse  favorable  a  1a  tpsur*  fa  la  pr»*ssion  qener  m*  r  l  r  e  rt  an  fnnr  r  i  .-.nr.-wr-.t  iu 

pavilion  d '  aspi  rAt  ion.  Ce  pavilion,  qui  n'*st  pa*  lie  mer  ani  quement  ah  notwir  permet  .  apre*  un  --*♦*!  .n- 
nage  prealaMe,  le  calcul  du  debit  d'air. 

-  un  compart i men t  avaI  ,  relie  aux  circuit*  1  *  ext  r  ac  1 1  on ,  dan*  1  equal  **t  lispose  ]  *  i»nfp’<r  ar.  »««ai  .  fe 
dernier  est  fixe  »«r  un#  bascule  repo*ant  sur  de*  lame*  elastiqtje#  solidaire  d'un  dYnamnme  t r *>  \ 
jauges  dp  rontrainte  permettant  la  a#A'ir»  fa  la  poussee. 

Les  disposi  t  i  fs  de  upsutp  sont  relies  a  un  ordinateur  capable  d ' ac qui si t i on*  et  le  'alrul*  en  *omp*  reel. 
fa  systeme  d *ac qui  si  t  ion  automat  i  que  permet  fa  relever  *r\  6  Apcondps  plus  fa  )00  parametre*.  i.'^r  lirjafp'jr 
assure  eqalement  un  controls  du  bon  fonc t ionnement  fa  la  chatne  dp  mesure*  et  Ip  calml  en  temp*  re«*l  Ip* 

param^trp*  utile*  a  la  rondui***  dp  1'essai.  Le*  calruls  plus  plabnrpa  sont  pf  fpf  tups  pn  temp*  ii  ff*r*  » 

parti  r  des  valpur*  enregi  at  reps  pendant  1'essai. 

2-2.2  -  L e  dJ_sj>OjsHi  f  aobU#  de^  ^r^levpjnpnt^ 

Le  dispositif  mobilp  d'Analyse  fa  g a/  comprend  : 

-  un  peigne  fa  prelevement  des  gaz, 

-  un  support  motorist  assurant  Ip  deplacement  du  peigne. 
a  1  *  Peigne  dp  prelevement 

Le  ppignp  dp  pr#l#vem#nt  dp  gaz  a  ete  ronqu  at  r pa  lisp  par  la  SVECMA.  H  est  du  type  dit  "a  f i gpagp 
rapide".  Cp  ppignp  est  represente  sur  la  planche  n®  3»  L’ensemble  du  ppignp  est  pn  a^ier  inoxvdablp 
Z  10  CNT  18. 

11  se  compose  dp  huit  sondes  identiques  pquidi stantes.  Dans  chaque  sonHe , comme  I'indiqua  ]  <■  dess  in  dp 
la  figure  n®  4,  les  gaz  sont  detendus  dans  un  divergent  dont  le  col  a  un  diametre  de  1  -mm,  puis 
circ.ulent  dans  un  premier  tube  a  section  constante  suivi  d'un  second  tube  d'un  diametre  stiporieur. 

Les  gaz  brQles  sont  achemines  dans  huit  tubes  disposes  axialement  et  collectes  a  une  ex*remite  sur  un 
support  thermiquement  isoie.  Les  tubes  passent  dans  une  gaine  ^limentee  par  de  l'air  chaud  obteni  par 
le  chau^fage  electrique  de  l'air  industriel  et  maintenu  a  150®  C  afin  d'eviter  totite  condensation 
d'eau  et  d 1 hydrocarbures. 

Les  efforts  aerodynamiques  sont  supportes  par  un  tube  interne  epais  et  repris  aux  extr«nites  par  deux 
brides  liees  au  dispositif  de  d^placement. 

Un  circuit  d'eau  assure  le  refroidissement  de  1' envelope  externe  et  des  huit  sondes  de  prelevement  de 
maniere  que  la  temperature  du  metal  n'excede  pas  200®  C  et  ce  afin  d'assurer  une  bonne  tenue  mecanique 
du  peigne  dans  le  jet  du  reacteur.  Ce  circuit  est  alimente  par  une  pompe  a  eau  dont  le  debit  est  de 

12  m3/h  sous  une  pression  de  2  bars  par  1 ' intermediaire  d'une  arrive#  unique  \  1* evacuation  se  fait 
par  deux  orifices  calibres  permettant  de  regler  la  repartition  des  debits  servant  au  refroi di ssement 
de  I'enveloppe  externe  d'une  part  et  des  huit  sondes  de  prelevement  d'autre  part.  La  temperature  de 
sortie  de  l'eau  a  ete  maintenue  au-dessous  de  80®  C  par  le  reglage  du  debit  d'eau. 

Le  peigne  de  prelevement  a  ete  dispose  a  une  distance  de  0,25  m  du  plan  de  sortie  de  la  tuyere. 

b )  -  Support  motorise 

Le  support  motorise  assurant  le  deplacement  du  peigne  de  prelevement  est  represente  schetnat iquement 
sur  la  figure  n°  5* 

Le  peigne  est  fixe  : 

-  a  sa  partie  inferieure  a  unr  bride  solidaire  d'un  tube  mobile  autour  d'un  palier  fixe  sur  la  partie 
basse  du  caisson, 

-  a  sa  partie  sup4rieure  a  une  bride  solidaire  d’un  ecrou  sur  coulisseau  se  d4plagant  sur  une  tige 
filetee  dont  la  rotation  est  assur4e  par  un  moteur  4lectrique  refroidi  a  l’air  comprime. 

Le  deplacement  du  peigne  est  done  angulaire.  Son  d4placement  permet  d'assurer  les  mesures  dans  toute 
la  section  de  la  tuy4re. 

A  1 'autre  extr4mit4  de  la  tige  filet4e  sont  fix4s  deux  potentiometres  refroidis  par  de  l'air  atm<>sph4- 
rique,  qui  d4terminent  la  position  angulaire  du  peigne  par  des  tensions  variables  enregistrees  sur 
voltm4tres  numeriques.  Une  courbe  d'4talonnage  transforme  ces  tensions  en  valeurs  angulaires  qui  sont 
enregistrees  sur  1 ' ordinateur. 

Des  but4es  limitent  le  d4placement  angulaire  du  peigne  et  d4terminent  une  position  de  ref4rence  peigne 
vertical. 

La  cormtiande  de  la  motorisation  est  effectu4e  a  partir  du  local  d'analys^s,  mais  une  comntande  de  s4cu- 
rit4  permet  de  figer  le  peigne  en  dehors  du  jet  a  partir  de  la  cabine  d'essai s 

2.2.3  -  Lejcircu it_de  tr «ns f |er t 

A  la  sortie  du  peigne,  les  gaz  sont  achemines  jusqu’au  local  d'analyse  par  huit  tuyauteries.  Ce  circuit  se 
compose  de  2  parties  : 

-  un  tron^on  de  1  m  en  tuyauteries  souples  (T4flon)  de  diam4tre  8  mm  A  la  sortie  du  peigne  de  pr4l4vement, 


-  un  troo^on  d'tmr  |nngu*ur  In  7,')  *  nn  tuyautnrimi  ino*v4.hI»*  ftn  ft  tm  r.li****  p»r  Jm  r»irnrdn 

i  noxydabl  e*. 

Chaqu#*  trorv;on  form e  un  fam^au  d#*  8  tub#**  ^ntouraat  un*  3m+  d'amiante  *t  stir  l**quel  *st  pnroule  un  ror- 
rto  n  rhauffnnt  rMorifugr*  f  figure  n®  8).  L*  maintien  d*  la  t#«peraturf  rtf*  tub**  »  150®  C  est  assure  par 
de*  thermocouple*  de  mass*  qui  conaartdpnt  la  march*  ou  1’arr^t  du  chauffag*. 

2. 2* 4  -  U^cUcuU^analvspj rt* 

L*  circuit  d'analyse  de  gaz  est  situ*  dan*  le  local  d'analyse  et  est  constitue  par  (figure  n®  ^  * 
ai  L'ensembie  de  commutation  chsuffe, 

h)  L’ensemble  pompe  a  vide  et.  circuit  de  refoulement, 
c)  Le  circuit  de  purge, 
d  Le*  analyseurs, 
el  U>s  circuits  de  mesures. 

a)  L* ensemble  de  commutation 

Cet  ensemble  a  pour  but  de  selectionner  une  des  8  Lignes  de  prelevement  a  I’aide  d'un  jeu  d'electro- 
vannes*  Tl  permet.  done  d'effeetuer  successi  vement  1 '  echant  i  llonnage  des  8  lignes  de  mesures  et  la 
mesure  de  la  pression  de  chaque  ligne.  Cet  ensemble  est  chauffe  a  150®  C. 

b )  [, 'ensemble  pomp*  a  vide 

Son  rote  est  d'extraire  le  prelevement  de  gaz  echanti 1 lonne  en  creant  une  tres  forte  depression  dans  la 
sonde  (sonde  a  figeage  supersonique ) • 

La  pompe  est  chauffee,  elle  a  un  debit  de  400  l/h  a  20  kPa. 

A  la  sortie  de  la  pompe  un  circuit  en  derivation  permet  de  decharger  la  pompe  vers  1 'atmosphere  afin  de 
maintenir  constant  une  pression  de  105  kPa  vers  les  analyseurs  pour  un  debit  de  250  l/h  environ. 

En  dehors  des  periodes  d'analyse,  le  gaz  preleve  est  refoule  vers  l ' atmosphere.  Un  clapet  anti -retour 
interdit  l’entree  d'air  atmospherique  vers  les  analyseurs  dans  le  cas  ou  lapressionde  refoulement 
devient  inferieure  a  la  pression  atmospherique. 

c)  Le  circuit  de  purge 

Son  role  est  de  purger  a  contre-courant  a  partir  de  1* ensemble  de  commutation  jusqu'au  peigne  de  prele¬ 
vement  les  huit  lignes  avec  un  gaz  neutre  (azote)  pour  eviter  un  encrassement  de  celles-ci  iors  de 
l'allumage  du  moteur  ou  de  la  post -combust ion. 

Ce  circuit  comp rend  : 

-  une  bouteille  d’azote.  Cet  azote  est  detendu  a  5  bars, 

-  des  electrovannes  qui  isolent  le  circuit  vers  la  pompe  pendant  la  phase  de  purge. 

d)  Les  analyseurs 

A  la  sortie  de  la  pompe  les  gaz  preleves  entrent  dans  quatre  analyseurs  : 

-  un  analyseur  de  CO 

-  un  analyseur  de  CO2 

-  un  analyseur  de  CH^ 

-  un  analyseur  de  N0x 

Chaque  analyseur  pr^l&ve  un  d4bit  de  60  l/h  que  l’on  peut  r6gler  individuellement.  La  pression  et  la 
temperature  sontmesur^e*  k  1 'entree  des  analyseurs* 

Analyseurs  CO  -  C0g 


Les  analyseurs  fonctionnent  sur  le  principe  de  l'absorption  de  rayonnement  infrarouge  (NDIR)  par  le 
monoxyde  et  le  dioxyde  de  carbone* 

Le  circuit  de  prelevement  est  commun  aux  2  analyseurs*  A  1 "entree  des  analyseurs,  d&s  la  fin  de  Is  par- 
tie  de  ligne  chauff6e  sont  months  en  s4rie  un  vase  de  condensation  maintenu  k  0°  C,  un  dessicateur  chimi- 
que  et  un  filtre  afin  d’eliminar  toute  trace  d'eau  et  de  particule. 

Chaque  analyseur  a  son  propre  circuit  d’£talonnage  comprenant  des  bouteilles  de  gaz  de  titres  different* 
et  un  rack  d'6talonnage  qui  permet  de  selectionner  la  teneur  d4*ir6e  et  de  r^gler  le  debit  k  I’entrie  de 
1 'analyseur* 

Analyseur  de 


Cet  analyseur  fonctionne  sur  le  principe  de  la  chimi luminescence*  II  possAde  une  pompe  de  circulation  k 
la  sortie,  le  riglage  du  debit  se  fait  par  un  roblnet  de  lam inage  k  1 'entree*  II  n'y  a  paa  d* elimination 
d'eau  prealable,  un  dispositif  special  permet  d'eriter  les  condensations  dans  I'apparell. 


Of  mn*lvm+ur  pos«*d#>  non  circuit  d  •  et  *1  onnage  part  i  r>\\  w»**nt  rhauffe. 


An«ly«*ur  4e  CH^ 


Cet  ana  I  y**>ur  fr>n^  tionn*’  mir  ie  principe  de  1  '  ionisation  d'une  fl  emtn*>  d'hvdrogene.  fl  pn*j»#»rje  unr  powpe 
d^*  circulation  rhauffee  a  IV)®  C  *>t  possede  eq«I«went  un  circuit  d '  et  al  onnaqe . 


*  I  1><  circuits  de  mesures 

Os  f*>a»p^ratur»>s  de«  ja/  dan<*  les  tuyautfr  i  ps  de  pr e 1 evement ,  les  temperature*  dp  masse  Ip  <-es  tuvaute- 
rjps,  le*  t  p«ppr»t'»rps  de*  qaz  A  1  Vntr^  des  analvseurs  sont  enreqistrees  dans  la  rabine  d'essais. 

Os  mesure*  pffprfipps  par  Ips  analyseurs  sont  enregi  at  ree*  Pt  envoyee*  stir  1  ’  ordi  ns  t  pur . 

>  -  F.XPI/HTAnov  hKS  KESULTATS  bJgSATS 

}.  \  -  Psrmmetre*  intervenant  dans  le  depoj i  1 1  rment 

t.’ensemhle  de*  di*po*it»f*  dp  me*ure  presente*  ci-dessus,  Ainsi  que  !**.<  parAmetre*  Aerothermodynamique*  du 
moteur  permettent  dp  connattrp  Ips  variable*  suivantes  qui  serviront  directement  au  depoui  1  lenient  dp  a 
osin i a  : 

-  pression  totale  sort i p  moteur  PT T  :  valpur  thermodynami que  calculee, 

•  prpssion  totalp  au  nez  dp  ehaqup  sondP  :  valeur  mesuree  pn  chaque  point  dp  mesure  p'i, 

-  prpssion  statique  pxfprnp  du  jet  :  prpssion  caisson  PC  mesuree, 

-  debits*  dp  carburants  dans  la  chambre  principale  pt  dans  le  foyer  de  rechauffp  mesure*  au  banc  d'essai, 

-  d£bit  d'air  motPur  :  valeur  calculee, 

-  parametres  aerothermodynamiques  a  l’«ntr4e  du  moteur, 

-  concentration  en  polluants  gazeux  :  valeurs  mesurees  en  chaque  point  de  mesure  par  analyse  de  gar.  et  ror- 
rigee.s  pour  tenir  compte  des  derives  eventuelle*  des  analyseurs  contr&les  per iodi quement  pendant  I’essai. 

3.2  -  Calcul  de  la  valeur  moyenne  de  1' indice  d’ emission 

Les  analyses  des  gar  preleves  au  travers  du  jet  fournissent  les  valeurs  des  concentrations  ponctuelles  en 
C02,  CO,  CHX,  NO  et 


Nous  avons  porte  les  valeurs  mesurees  en  fonction  du  rayon  relatif  de  mesure 
profil  moyen  de  chaque  polluant  obtenu  sur  1 'ensemble  du  jet# 


r 

mesure 


/r 


tuyere 


et 


trace  Ip 


Cp  profil  doit  etre  integre  pour  obtenir  la  valeur  moyenne  de  1 ’indice  d 'emission  de  chaque  polluant  : 

r*i 

•Jgo  2  <ff  R  IE  (n)  <1R 
(*>  ’  /*»  2?  R  « 

Pour  cela  il  faut  calculer  en  tout  point  la  masse  volumique  et  la  vitesse  a  partir  des  mesvires  de  pression 
d'arr^t  en  aval  du  choc  situe  au  nez  de  la  sonde  P'i  et  des  concentrations  en  CO,  COg,  etc  ... 


Un  programme  de  calcul  fournit  les  temperatures  d' arret  et  la  richesse  en  chaque  point  de  mesure  a  partir 
de  la  temperature  a  1* entree  du  moteur  et  les  valeurs  des  concentrations  mesurees. 

On  suppose  que  la  pression  totale  a  la  sortie  du  jet  est  uni  forme  et  egale  a  la  valeur  thermodynamique 
calculee  PTJ.  Le  rapport  P’i/PTJ  permet  de  calculer  le  nombre  de  Mach  local  et  la  pression  statique  locale. 

Si  la  pression  statique  ainsi  calculee  est  inferieure  a  la  pression  caisson,  ce  qui  se  produit  sur  les  bords 
du  jet  en  raison  du  gradient  de  pression  totale,  on  fait  l'hypothese  que  la  pression  statique  est  egale  a  la 
pression  caisson,  (hypothese  realiste  compte-tenu  de  ! 'etude  des  profils  de  pression  et  du  nombre  de  Mach 
par  la  methode  des  caracteristiques) ,  et  on  recalcule  a  partir  de  P’i  mesure  ta  valeur  du  nombre  de  Mach. 

Ceci  permet  de  calculer  en  tout  point  la  valeur  du  produit  et  d’integrer  1 'indice  d’&nission  des  polluants 
pourvu  que  la  limite  geometrique  du  domaine  du  jet  soit  connue.  II  est  parfois  difficile,  compte-tenu  des 
dimensions  de  la  barre  de  mesure  et  du  petit  nombre  de  points  de  mesure  de  delimiter  le  jet  avec  precision, 
dans  ce  cas  nous  avons  choisi  la  limite  de  jet  de  telle  sorte  que  les  ecarts  entre  les  valeurs  recalculees 
par  integration  et  les  valeurs  mesurees  du  debit  de  carburant  et  du  debit  d’air  moteur  soient  minimales. 

En  fait  c’est  1 A  que  reside  la  plus  grande  incertitude  dans  le  depouillement  en  ce  qui  concerne  le  rendement 
dynalpique  de  rechauffe,  car  celul-ci  est  tres  sensible  au  choix  de  la  limite  d’ integration*  Par  contre 
1 ’influence  de  Is  limite  d ’ integration  est  moins  sensible  sur  la  mesure  des  polluants  gazeux  compte-tenu  des 
valeurs  tr£s  faibles  rencontr&es  sur  les  bords  du  jet. 

4  -  RBSULTATS  PES  ESSAIS 

Nous  pr&sentons  ici  les  r£sultats  obtenus  dans  les  conditions  simul&es  d' acceleration  transsonique  ainsi  que 
ceux  mesures  dans  les  conditions  plein  gaz  au  sol. 

Les  r6sultats  figurent  dans  le  tableau  1- 


Les  figure*  7  a  15  montrent  : 


La  carta  da  temperature  an  rechauffe  dan*  la*  condition*  t ranssoni ques  a  M  1,2  -  l  -  IHOOO  ft  ,  I*** 
profile  da  temperature  at  concentration*  an  polluants  mesurees  au  plain  gaz  sac  at  au  plain  gar  ra^panff.* 
dans  laa  condition*  sol  • 


La  connai ssance  da  ce*  profils  ast  indi spensable  si  l'on  vaut  model lser  1‘evolution  Je*  espares 
polluantes  dans  la  jet,  on  noter®  part i cu 1 ierement  les  profils  da  CO  tres  plats  an  moteur  sac  ajar*  qu'»*r» 
rechauffe  la  presence  d'una  zone  reactive  ast  revelee  par  la  pic  da  CO. 


Cast  d'ailleur*  sur  la  profil  da  temperature  at  la  position  da  ca  pir  da  CO  gue  1  '  \  nt)eni  **ur  p  ourra 
jouar  pour  diminuar  la  pollution  resultante  a  quel  qua. s  di zaines  da  metres  an  aval  da  la  tuyere, 

SO  o 

La  figure  16  montre  las  rapports  ~sq%  ^•1*  qu’ils  ont  ete  mesures  an  sac  at  an  rachauffa  montrant  la 
proportion  non  negligeable  da  N 0^  presente  an  rachauffa  au  decollage. 


Nous  avons  cherche  a  comparer  la  rendement  enthalpique  mesure  par  analyse  da  gaz  at  la  rendement  enthalpi- 
qua  deduit  des  calculs  de  cycla  aerothermodynami que. 

II  apparait  un  ecart  d’environ  6  points  qui  peut  £tre  dO  a  plusiaurs  causes  d'errcurs,  d'una  part  »ne  mau- 
vaise  estimation  du  rendement  de  profil  resultant  du  profil  da  temperature  a  la  sortie  de  la  tuvera  at  dont 
la  valeur  absolue  varie  beaucoup  avec  la  limite  d'integration,  d’autre  part  las  heterogenei tes  de  tempera¬ 
ture  et  vitessa  dont  la  figure  1  donna  une  idea  at  qui  rendent  1 * inteqrat ion  imprecise  an  faisanf  I'hypo- 
these  d'une  symetrie  de  revolution,  enfin  il  n’est  pas  impossible  que  ks  reactions  chimiques  se  poursuivent. 
en  aval  de  1 'onde  de  choc  detachee  presente  au  nez  de  la  sonde.  Pes  mesures  optiques  effectuees  dans  das 
conditions  aussi  severe*  que  celles-ci  permettraient  de  lever  le  douta  an  ce  qui  concornc  I’efficacite  du 
figeage  realise  par  1 ’ensemble  de  prelevement. 

5  -  CONCLUSION 

Une  technique  de  prelevements  d ' echanti 1 Ions  gazeux  dans  le  jet  d'un  moteur  en  rechauffe  a  ete  developoee 
et  mise  en  oeuvre  par  la  SNECMA  et  le  CEPr  pour  caracteriser  le  fonct ionnement  de  la  rachauffa  dans  las 
conditions  d’accelerations  transsoniques  et  au  regime  de  decollage  au  sol  du  moteur  OLYMPUS  593.  Une  telle 
technique  permet  de  disposer  des  profils  de  temperature  et  des  polluants  gazeux  a  la  sortie  da  la  tuyere  at 
permet  de  connaltre  le  rendement  enthalpique  et  le  rendement  de  profil  de  la  rechauffe  ainsi  qua  les  valeurs 
initiales  necessair&s  a  un  calcul  d’evolution  des  especes  polluantes  dans  le  jet  supersonique. 

Une  telle  technique  peut,  etre  appliquee  egalement  avec  succes  a  un  moteur  double  flux  et  apporter  des  ren- 
seignements  precieux  pour  ameliorer  le  fonct ionnement  de  la  rechauffe  ou  reduire  las  emissions  polluantes. 


TABLEAU  1 
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27 
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50,4 

12,6 

149 
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80 

78 
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0 

5 
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mm 
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63,5 

33,34 

Ul 

° 

B 

95,7 

12 

302 

1040 

0 

3,75 

0,27 

1 

17,5  % 

154 

17,9 

10,9 
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DISCUSSION 


G.ICappler.  (ie 

( 1 )  Are  your  sampling  lines  heated  and.  if  so,  what  was  your  gas  sample  temperature  ’ 

(2)  You  did  present  results  of  emission  measurements  only  for  one  engine  operation  point  Since  we  have  done 
similar  measurements.  I  would  be  particularly  interested  if  you  can  comment  on  the  variation  of  unburned 
Hydrocarbon  when  accelerating  the  engine  from  minimum  reheat  to  full  reheat. 

< 3 y  How  well  does  the  air-fuel  ratio  measured  from  gas  sampling  compare  to  the  ratio  calculated  from  engine  data 

Rlponses  des  auteurs 
S.Ropars 

( 1 )  Les  lignes  de  prelevement  sont  chauffers  a  1  SO^C.  il  en  est  demins  pour  la  pompe. 

PGastebois 

(2)  Les  essais  n'ont  ete  faits  qu’aux  reglapes  nominaux  de  la  rechauffe  en  acceleration  transsomque  et  au  sol. 

(3)  Le  recoupement  de  la  richesse  est  utilise  pour  calculer  le  rayon  limite  d’integration,  en  minimisant  les  ecants 
entre  debit  d’au  calcule  et  mesurc  ainsi  que  debit  carburant  calculc  et  injecte. 


N.I.Hay,  UK 

What  is  the  position  of  the  reheat  stabiliser  in  relation  to  the  non-dimensionalised  radial  profiles  given  in  the  figures.’ 

Rlponse  d’auteur 
PGastebois 

Le  stabilisatcur  et  situe  environ  au  l/7e  diametre  de  la  tuyere. 
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SUMMARY 

The  time-mean  response  of  pressure  and  sampling  probes  to  pressure,  densitv  and 
velocity  fluctuations  in  turbulent  reacting  flows  is  examined  bv  averaging  over  the 
instantaneous  probe  response.  Corrections  for  fluctuation  effects  are  found  to  be  neces¬ 
sary  if  data  obtained  by  these  probes  are  to  be  used  to  find  mean  velocity  and  concentra¬ 
tion  information.  Correction  terms  for  pressure  probe  readings  are  well  founded  and  of 
general  applicability,  while  sampling  probe  correction  terms  are  well  founded  onlv  if 
the  sample  flow  is  choked  at  the  probe  inlet,  a  state  which  mav  be  difficult  to  achieve 
in  practice.  Also,  probe  induced  flow  field  perturbations  are  discussed  for  measurements 
in  swirling  flow.  It  is  recommended  that  to  avoid  perturbations  the  smallest  possible 
probes  be  used  and  that  combustion  conditions  be  monitored,  e.g.  with  wall  pressure  tans, 
during  probe  insertion  in  order  to  detect  perturbations  should  thev  occur. 


INTRODUCTION 

Sophisticated  new  diagnostic  technioues  such  as  Raman  scattering  (RS)  and  laser 
doppler  velocimetry  (LV)  are  expected  to  provide  new  and  important  information  for  velocity, 
temperature  and  composition  in  flames,  model  combustors  and  practical  hardware  However, 
it  is  highly  unlikely  that  these  and  other  new  measurement  technioues  will  evolve  to  a 
point  where  their  use  is  routine  in  combustor  design  and  development  procedures.  Instead, 
because  of  complexity  and  expense,  their  use  will  be  restricted  to  situations  where  no 
other  satisfactory  technioue  is  available  and  the  information  to  be  obtained  is  essential 
for  progress.  It  is  clear  that  nrobe  technioues  will  continue  to  find  application  and, 
consequently,  there  is  incentive  to  refine  these  technioues  and  expand  their  range  of 
applicability. 

The  use  of  advanced  diagnostic  techniques  for  conventional  probe  development  has  been 
suggested,  and  the  advantages  of  such  an  approach  are  obvious.  In  anticipation  of  research 
and  development  work  on  probes,  it  seems  appropriate  to  review  what  is  known  oresentlv 
about  probe  measurements  and  to  suggest  important  experiments  to  verify  probe  performance 
and  guide  improvements.  In  this  paper,  such  a  task  is  undertaken  for  gas  sampling  probes 
and  pressure  probes.  Attention  is  focused  on  measurements  in  turbulent  reacting  flows  such 
as  would  be  encountered  in  model  combustors  and  practical  hardware  as  opposed  to  laboratory 
flames.  Primary  interest  is  focused  on  effects  of  turbulent  fluctuations  In  pressure, 
densitv,  temperature  and  composition  on  probe  performance. 

To  be  effective  a  sampling  probe  must  be  accurately  located  in  the  flow  field,  extract 
a  sample  characteristic  of  the  local  gas  composition  in  the  absence  of  the  probe  and 
convey  that  sample  to  the  analysis  equipment  without  chemical  change  (bv  Quenching  the 
chemical  reactions)  ,  These  requirements  have  been  discussed  to  varying  depths  in  the 
literature.  Ouenching  requirements  have  received  the  most  attention  and  excellent  papers 
are  available  fe.g.,  1,21.  Pressure  probes  face  similar  requirements.  Namely,  oressure(s) 
related  to  local  static  or  stagnation  pressure (s)  must  be  a-tained  at  the  probe  pressure 
tap(s)  and  then  faithfully  transmitted  to  the  pressure  transducers  used  in  the  measurement 
procedure.  For  both  types  of  probes  there  should  be  no  disturbances  created  in  the  flow 
bv  the  orobe.  In  turbulent,  reacting  combustor  flows  these  goals  are  never  fullv  realized, 
and  it  is  therefore  necessary  to  determine  the  extent  of  departure  from  ideal  behavior  and 
to  assess  the  errors  incurred  thereby. 

PRESSURE  PROBES 

In  turbulent  flow  a  probe  is  subject  to  varying  yaw  and  pitch  angles,  varying  velocity 
magnitude  and  varying  static  pressure.  Generally,  the  dynamic  response  of  the  pressure 
probe  and  transducer  system  is  too  slow  to  allow  for  instantaneous  pressure  measurements. 
Therefore,  in  the  present  discussion  attention  is  focused  on  the  measurement  of  time  mean 
properties,  and  it  i9  assumed  that  the  orobe  and  transducer  svstem  are  designed  to  give  an 
accurate  measurement  of  the  mean  static  pressure  occurring  at  the  probe's  pressure  tap(s) 
[3],  Under  this  assumption,  probe  performance  in  turbulent  flow  is  determined  by  the 
relationship  of  the  static  pressure  at  the  probe's  pressure  tap(s)  to  the  local  undisturbed 
values  of  pressure  and  velocity. 

There  are  a  large  number  of  pressure  probe  configurations  available  for  various  appli¬ 
cations;  see  the  review  by  Bryer  and  Pankhurst  14).  For  steady  laminar  flow,  probes  are 
available  for  measuring  total  pressure,  local  static  pressure  and  flow  direction.  When 
the  local  flow  direction  is  known  and  the  pressure  probe  aligned  with  respect  to  that 
flow,  static  and  total  pressure  may  be  measured  to  good  accuracy  with  relatively  simple 


and  reliable  pitot-static  probes.  Pressure  and  velocity  gradients,  flow  conf ir.emenc  and 
the  proximity  of  solid  boundaries  are  well  known  sources  of  error  in  such  pressure  measure¬ 
ments  for  which,  in  most  laminar  flow  cases ,  correction  schemes  are  available  [4] 

The  measurement  problem  is  considerably  more  complex  when  the  flow  direction  is  either 
unknown  or  is  to  be  determined.  Total  pressure  and  to  a  lesser  extent  static  pressure 
probes  are  available  which  are  insersitive  to  flow  direction  up  to  relatively  laree  vaw 
and  pitch  angles.  However,  multi-lv  le  probes  are  required  if  both  velocity  direction  and 
magnitude  are  to  be  measured.  Multi-hole  probes  are  employed  in  two  distinct  wavs 
1)  Pressure  differences  in  appropriate  pairs  of  pressure  taps  are  used  to  find  vaw  and 
pitch  angles  relative  to  the  probe  axis  via  calibration  curves,  or  2)  the  orohe  mav  be 
aligned  with  the  flow  as  indicated  bv  eoual  pressures  in  appropriate  pairs  of  pressure 
taps,  the  null  mode.  The  latter  mode  is  considered  more  accurate  but  requires  a  complex 
apparatus  for  manipulating  the  probe  and  relatively  free  access  to  the  flow  of  interest 
to  allow  for  this  manipulation.  Bryer  and  Pankhurst  [4]  discuss  a  number  of  thpse  probes 
and  probe  support  systems;  references  5  and  24  contains  an  example  of  such  an  access 
problem  and  one  possible  solution.  In  either  mode  of  operation,  probe  calibration  is 
required,  and  the  density  must  be  known  for  measured)  if  the  velocity  magnitude  is  to  be 
found  along  with  the  flow  direction  and  static  and  dynamic  pressures. 

In  general,  multi-hole  probes  are  larger  and  less  accurate  than  standard  total  head 
and  static  pressure  probes.  Thev  are  also  susceotable  to  errors  induced  bv  velocity  and 
pressure  gradients,  and  the  magnitude  of  these  errors  has  not  been  fully  assessed.  If 
sufficient  data  for  the  pressure  and  velocity  fields  are  available  some  correction  for 
these  errors  seems  possible,  but  no  guidance  for  correction  procedures  is  readilv  availa¬ 
ble  in  the  literature. 

The  maximum  yaw  and  pitch  angles  to  which  these  probes  will  operate  are  limited  (40’ 
is  near  maximum  for  the  best  three-  and  five-hole  designs),  and  consequently  experimental 
problems  arise  when  the  flow  direction  is  highly  variable  over  the  measurement  volume  and 
null  model  oneration  is  not  feasible,  e.g.  in  practical  combustors.  Macfarlane  [6]  has 
proposed  a  seven-hole  probe  especially  for  gas  turbine  combustors  which  mitigates  these 
problems.  The  probe  (Figure  1)  is  designed  to  rotate  around  the  probe  support  axis  upon 
which  the  probe  tip  lies.  This  probe  conf iguration  allows  one  to  align  the  probe  tip  in 
yaw.  Five  pressure  tapes  are  located  on  the  spherical  surface  of  the  probe  tip  in  the 
plane  of  the  probe  support  axis.  Using  appropriate  combinations  of  these  five  taps  verv 
large  (<  +  90°)  pitch  angles  can  be  measured. 

For  these  probes,  calibration  in  steady  laminar  flow  is  required  to  develop  the 
required  relationships  between  pressure  readings  and  dynamic  head  and  flow  direction.  In 
principle,  the  flow  to  be  measured  must  be  steady  or  slowlv  varving  laminar  flow  and 
locally,  near  the  probe  tip,  the  decelerating  flow  must  be  adiabatic,  quasi-steady,  and 
inviscid.  The  latter  two  requirements  are  considered  satisfied  provided  |1/U  3U/3t'  <<  l' /I) 
and  Re  •  UD/ v  >  100  [4,7]  where  U  is  the  undisturbed  local  flow  velocity  and  D  is  a 
characteristic  dimension  of  the  probe  tip.  If  the  decelerating  flow  is  constant  density. 
Bernoulli's  equation  may  be  used  to  relate  static  and  total  pressure,  which  further 
requires  (l/o  3o/3t)  <•<  )U/Dl  and  M  *  U/c  <  0.2  (c  is  the  sound  speed  and  M  the  Mach 
number)  . 

For  applications  in  laminar  flow  the  multi-hole  pressure  probe  may  be  considered  to 
be  well  developed,  and.  provided  errors  introduced  by  probe  interference,  large  pressure 
gradients,  etc.  are  either  avoided  or  accounted  for,  accurate  measurements  of  total  pres¬ 
sure  and  flow  direction  can  be  made.  Compared  to  standard  static  and  total  pressure  probes, 
when  applied  to  flows  of  known  direction,  the  multi-hole  probe  is  not  as  accurate  [4], 

In  practice,  multi-hole  probes  are  frecuently  employed  for  turbulent  flow  measure¬ 
ments,  and  although  turbulence  is  known  to  influence  the  probe  response,  the  effect  is 
frequently  ignored.  Laminar  flow  calibrations  are  used  to  interpret  the  raw,  time-mean 
pressure  data,  and  the  results  are  reported  as  mean  velocity,  mean  static  pressure,  etc. 
Hinze  [8]  suggests  that  the  influence  of  turbulence  on  pressure  probe  readings  may  be 
analyzed  by  considering  appropriate  averages  of  the  time  varying  probe  response  as  deter¬ 
mined  from  laminar  flow  calibrations.  Becker  and  Brown  [3]  pursue  this  line  of  reasoning 
for  a  simple  impact  probe,  while  Bennett  [9]  follows  a  similar  path  for  a  five-hole  probe. 

Hinze  proposed  that  the  directional  response  of  a  total  pressure  probe  in  a  steady 
laminar  incompressible  and  inviscid  flow  may  be  represented  by 

P8  -  P  -  1/2pU2[1  -  B(1  -  cos  e)]. 

where  P8  is  the  measured  pressure;  P  the  local  static  pressure;  U  the  speed;  e  the 
angle  between  the  probe  axis  and  velocity  vector;  and  B  is  a  constant.  Becker  and  Brown 
[3]  suggest  an  alternate  form  based  on  extensive  measurements  and  a  literature  review, 

P8  -  P  -  1/2p  U2(l  -  Kfsin2  e)m),  (1) 

which  is  good  up  to  flow  angles  of  40°  to  45°.  K  and  m  are  constants  which  depend  on 
probe  design  and  are  best  found  by  calibration,  m  generally  falls  between  1  and  3,  while 
K  varies  from  2  to  about  5 . 


Tn  turbulent  flov  with  Drover  internal  design,  the  measured  pressure  from  a  nres  ;ure 
probe  will  he  the  time-mean  of  the  static  pressure  at  the  probe  pressure  tar-  r ur *■  -.er-rre 

if  the  dece  lerat  in?  flow  associated  with  the  probe  is  ouas  i -s  teadv  ,  ir.ro^nress  ;ble  .  e-r 
Equation  1  is  valid  for  anv  time,  and  the  r.eae  ired  time  mean  is  sir.pl v  the  rear,  of 

P  -  P  +  1/2  -<' 2>  -  1/2K.-  <r2<l'?'r.:2rr‘>  .  rji 

s  n. 

Ans^le  brackets  and  overbars  are  used  to  denote  *  ime-ave  raged  quantities.  3ecver  and 
Brown  define  Un  as  the  velocitv  component  perpendicular  to  the  probe  axis 
2  2  2* 

['  =  V  +  U'  with  the  probe  axis  parallel  to  the  x  axis.  It  is  assumed  that  "he  -r  p  is 

n  y  z  2^2 

aliened  with  the  mean  flow,  and  therefore,  l  =  u  ’ c  +  u'  .  since  T'  *  ”  *  1.  wi*h  wer 

n  y  7.  y  z 

case,  primed  letters  denotine  fluctuations  about  the  mean  value.  The  assumptions  made  in 
establishing  Eq .  (2)  imply  a  turbulence  length  scale  much  larger  than  0 

In  order  to  evaluate  “Cl’2^  m)  ^.2m  ^  Becker  and  Brown  assume  the  velocitv  flucrua- 

o  2  2  2 

ionsjare  uncorrelated  and  normally  distributed  with  <[u(,  ]>  =  <Cu^.  ]>  and  ]>  * 

3<Up  >  ,  where  ?  is  a  constant  eoual  to  1/2  in  isotropic  turbulence  and  to  appr  ximarel-- 
one  in  shear  flow. 

With  the  probe  response  and  turbulence  characteristics  established.  Becker  and  Brown 
propose  and  evaluate  procedures  for  measuring  1  / 2c  <Cl'2]>  and  l/2cft2.  Errors  in  the 
measured  quantities  due  to  turbulence  are  calculated  and  reported  as  a  function  of  turbu¬ 
lence  level  for  different  probe  parameters.  The  results  indicate  that  certain  probe  tip 
designs  are  more  desireable  than  others  due  to  differences  in  response  to  vaw  and  pitch, 
and  they  allow  one  to  judge  the  error  in  his  measurements  based  on  his  estimates  of 
turbulence  intensity.  Furthermore,  if  the  intensity  is  known  corrections  can  be  applied. 

The  need  for  an  independent  measurement  of  the  mean  static  pressure  is  recognized  bv 
the  authors  as  a  fundamental  problem  with  their  approach,  but  they  make  no  attempt  to 
analyze  the  response  of  a  static  pressure  probe  in  turbulent  flow.  There  has  been  specu¬ 
lation  regarding  the  effect  of  turbulence  on  static  pressure  measured  with  a  standard 
static  pressure  probe  [e.g.  4,7  and  10],  but  little  systematic  research.  Bradshaw  and 
Goodman  [10]  have  shown  for  jet  flows  and  probes  of  reasonable  size  that  measured  static 
pressure  readings  are  very  close  to  the  actual  static  pressure  (less  than  approximately 
<0 ,02)1/2d  difference).  Extension  of  these  results  to  other  turbulent  flows  and  to 
flows  of  high  turbulent  intensity  appears  unwarranted.  A  systematic  evaluation  of  static 
probe  directional  response  in  steady  laminar  flew  should  be  of  value,  but  the  assumption 
of  quasi-steady  probe  flow  needed  to  apply  the  results  of  such  a  study  to  turbulent  flows 
will  be  difficult  to  justify  since  it  requires  |L/tJ!  «  |  8/ <[u' 1/2  j  where  L  is  the 
distance  from  the  probe  tip  to  the  static  pressure  holes  and  i  is  the  scale  of  energv 
containing  eddies.  The  preferred  approach  to  measure  ft,  where  possible,  is  to  measure 
P  at  a  wall  and  to  determine  P  in  the  free  stream  by  solution  of  the  appropriate 
momentum  equation  [e.g.  see  References  3  and  4j. 

Becker  and  Brown  [3]  recognize  in  the  pressure  probe  response  to  turbulent  fluctua¬ 
tions  an  opportunity  to  measure  root-mean-souare  fluctuation  levels.  They  propose  that 
two  physically  different  impact  probes  with  different  K  and  m  values  be  used  to  measure 
Ps  at  dynamically  equivalent  locations  in  a  flow  and  show  how  the  results  mag  be  analvzed 
to  estimate  <u ' i' 2 .  This  approach  is  obviously  a  method  of  last  resort  and  its 
significance  has  diminished  with  the  continued  refinement  of  hot-wire  and  pulsed-wire 
techniques  and  the  introduction  of  laser  doppler  anemometry. 

Bennett  [9]  considers  the  response  of  a  five-hole  probe  in  a  general,  reacting 
turbulent  flow.  Under  similar  assumptions  for  probe  response  as  those  of  Becker  and 
Brown  the  pressure  at  tap  i  on  the  hemispherical  probe  of  Figure  2  may  be  written  as 

Psi  “  Po  ‘  A^e.^oU2,  (3) 

where  P3l  is  the  static  pressure  at  the  itfl  tap,  P0  is  the  local  total  pressure, 
accounts  for  the  probe  response  in  yaw  and  pitch,  and  U  is  the  local  spee  The  A.(fl,<>) 
for  a  probe  are  found  by  calibration  in  a  steady,  laminar  incompressible  flow.  To  * 
further  analyze  the  probe  response,  Bennett  expands  A,  in  a  Tavlor’s  series  about  J 
and  ¥,  the  mean  yaw  and  pitch  angles,  and  calculates  the  mean  of  P.< .  Neglecting  terms 
of  third  order  and  higher  in  fluctuation  quantities,  he  finds  that 

■  Aio^°2  -  p<u’^>  +2U<o-u’>] 

*  Ai,0[tj2<p'9’>  +  2V  o<e'u’>  ] 

-  At  [U2  <p  ' ♦  ’>  +  2ft  o  ] 

*  p  V211/2Au„  <*2>  +Ai  +e  <*-0  +l/2A1>99<fl-2>] 

(4) 


+  higher  order  terms . 
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Subscripts  preceded  bv  a  comma  denote  partial  differentiation  with  respec'  to  t-a'  variable 

e  e  A.  *  ■  2  A .  /  «  s  i-1  .  All  derivatives  are  evaluated  at  -  and  s.  and  A.  is  -be 

i  ,  t  -  l  _ 

value  of  at  a  and  s  . 

Typicallv,  all  correlation  terms  are  neelected^and  the  measured  T7  <  from  - -,e  five 
pressure  taps  are  analyzed  to  obtain  a  .  t  and  .  ’  If  turbulent  f  I  ue  fua  *  ions  are 
significant  the  error  in  this  approach  can  be  estimated  from  Eq  i  For  example.  Benne't 
presents  error  estimates  for  measurements  in  the  flow  behind  an  arrav  of  rota*  in?,  compres¬ 
sor  blades.  The  flow  is  constant  density  and  hence  Eq  A  mav  be  simplified 

P‘7  =  P~  -  A .  [ :  U2  -  .<u'2^ 

si  o  ioL  ^ 


-  At>,  2V:  <-'u'>  -  A.  t  <»’u> 

-  .-C2[l/2Ai  _  t  t  <y2>  +  A.  <V  '>  +  1/2A.  Ol2>  ].  (5) 


2  2 

Hot-film  anemometrv  is  used  to  obtain  information  on  turbulent  fluctuations  <^u'  > IV 

0.06,  '  2]>  =  10  ^(rad2)  and  <C°  1  2^  *  10  2(rad2).  The  resulting  errors  are  estimated 

to  be  -2. 01  in  yaw,  -0.2°  in  pitch,  17,  increase  in  dynamic  head,  and  a  3.57,  decrease  in 
total  pressure  divided  by  dynamic  pressure.  For  high  intensity  combustors  which  are 
characterized  by  more  intense  turbulence  and  by  density  f luctuations ,  larger  errors  are 
expected  if  fluctuations  are  ignored. 


Bennett  sees  the  influence  of  turbulent  fluctuations  on  pressure  probes  primarily 
as  a  complication .  On  the  other  hand,  one  may  view  the  appearance  of  fluctuation  terms 
in  Equation  4  as  an  opportunity.  Including  8  and  4,  Equation  4  contains  fourteen 
unknowns.  With  a  five-hole  probe  used  at  three  different  orientations  and/or  with  a 
probe  with  more  holes,  it  is  possible  to  obtain  sufficient  pressure  readings  allowing  one  to 
solve  for  all  the  unknowns .  Alternatively,  in  the  spirit  of  Becker  and  Brown,  one  might 
consider  the  use  of  more  than  one  probe  configuration  to  obtain  the  necessary  data. 

These  pressure  measurements  lead  to  a  set  of  14  algebraic  equations  for  the  unknowns.  In 
general  the  solution  of  these  equations  would  be  by  an  iteration  technique  since  the 
and  their  derivatives  are  functions  of  e  and  t  and  these  functions  must  be 
determined  by  probe  calibration.  According  to  Bennett  [9]  calibration  can  be  performed 
with  sufficient  accuracy  to  obtain  accurate  values  of  both  the  At  and  their  derivatives. 
Clearly,  error  accumulation  in  this  procedure  can  be  significant,  and  therefore,  the 
pressure  readings  must  be  made  with  precision  and  the  choice  of  probe  configuration  and 
orientation  must  be  made  with  care . 


In  certain  flows,  Equation  4  may  be  simplified  usually  by  taking  advantage  of  symme¬ 
try  characteristics.  For  instance,  in  a  two-dimensional  shear  layer  with  the  probe  axis 
in  the  plane  of  the  mean  flow,  the  mean  yaw  angle,  »,  is  zero  and  O ' 

<£o  '  t  •  0  and  0'u’>  =  0.  Furthermore,  the  assumption  that 

^4 ' 2^  -  <45 1 2^>  -  »  <u'2>/tJ2  would  appear  consistent  with  the  foregoing  development, 

is  estimated  from  independent  considerations  of  the  flow  field,  e.g.,  it  is  3  in 
isothermal,  isotropic  turbulence  and  approximately  4  in  isothermal  shear  flows.  Also, 
density  can  be  inferred  with  suf ficient_accuracy  from  temperature  measurements.  One  now 
if  faced  with  seven  unknown  including  a,  rather  than  fourteen,  and  seven  independent 
pressure  readings  must  be  obtained  from  pressure  taps  in  the  plane  of  the  mean  flow  either 
with  a  seven-hole  probe,  with  multiple  probe  orientations  or  with  different  probe  config¬ 
urations  placed  at  dynamically  equivalent  positions  in  the  flow. 

Of  the  turbulence  quantities  to  be  measured  by  this  approach  is  perhaps 

the  most  significant.  In  principle,  all  the  other  quantities  can  be  measured,  provided 
there  is  access  for  LV;  ^p'u’^  cannot  be  measured  with  confidence.  Furthermore, 
interpretation  of  LV  results  is  clouded  by  a  number  of  singal  analysis  and  seeding  bias 
problems;  seed  bias  introduced  by  density  fluctuations  in  reacting  flows  is  one  of  the 
more  significant  ones.  Thus,  the  measurement  of  ^0 'u'^  and  an  independent  measure¬ 
ment  of  U  and  for  comparison  with  LV  results  would  be  very  helpful  in  further¬ 

ing  the  development  of  laser  velocimetry  for  combustion  applications.  Also,  a  measure¬ 
ment  of  alpng  with  U  and  0  will  allow  for  a  direct  determination  of  the 

Favre  mean  velocity,  U  =  <oU>/c  «  U  +  <o'u'>  Id,  a  quantity  about  which  there  has 
been  much  spectulation  [11],  Also  this  procedure  of  making  multiple  pressure  measurements 
will  give  improved  results  for  the  mean  velocity  and  flow  direction  oveT  those  obtained 
by  ignoring  fluctuations  effects  and  will  provide  an  estimate  of  the  errors  introduced 
by  neglecting  fluctuations  without  having  to  make  auxiliary  turbulence  measurements. 

To  the  author's  knowledge  there  has  been  no  attempt  to  employ  multi-hole  pressure 
probes  in  the  manner  suggested  here.  In  view  of  the  ease  of  pressure  probe  measurements 
and  the  nature  of  the  information  which  can  be  obtained,  this  approach  deserves  careful 
evaluation.  For  example,  the  results  of  multi-hole  probe  experiments  conducted  in 
laboratory  turbulent  flames,  e.g.,  jet  diffusion  flames,  according  to  the  foregoing 
suggestions  could  be  compared  to  velocities  obtained  by  laser  velocimetry.  Furthermore, 
density  measurements  by  laser  scattering,  either  Raman  [12]  or  Rayleigh  [13,14],  could 
be  coordinated  with  velocity  measurements  to  determine  correlations  such  as  ^o'u’> 
and  <p  '  0  thus  allowing  for  a  complete  evaluation  of  the  probe  technique.  More 
complex  flow  conditions  could  also  be  considered. 


In  the  above  analysis  as  noted,  the  assumption  is  made  that  '■he  deoeiera'  ir.y  f. 
in  front  of  the  probe  is  adiabatic,  incompressible  and  inviscid  Tf  there  is  significant 
heat  transfer  to  the  probe  tin.  the  adiabatic  assumption  is  nr-  loneer  valid  Therefore 
hiyh.lv  cooled  probes  should  be  avoided  if  possible 

PROBF.  uISTrRBANCF.S 

A  major  difficulty  associated  with  probe  measurements  of  anv  kind  is  the  possibility 
of  probe  induced  perturbations  of  the  flow  field  Well  known  examples  of  such  per'urha- 
tlons  are  probe  blockage  in  confined  flows  and  flow  distortion  when  measuring  in  boundary 
layers.  This  problem  can  be  especially  severe  in  combustors  which  are  characterized  bv 
complex  flow  patterns  and  a  high  degree  of  confinement  Furthermore,  in  combustors  and 
other  flow  systems  with  limited  access,  perturbations  mav  not  be  readily  aooarent  during 
the  experiment  or  in  the  experimental  results.  For  instance.  aDDarent  flow  as/mr.et  ri  es 
observed  in  data  obtained  with  a  probe  inserted  transverse  to  the  flow  mav  be  the  result 
of  probe  blockage  which  increases  as  the  probe  traverses  the  flow  field.  Also,  in 
combustion  systems  there  is  more  opportunity  for  interferences,  for  example,  the  probe 
may  act  as  a  flame  holder.  Most  experimentalists  are  aware  of  the  potential  for  probe 
induced  perturbation,  but,  unfortunately,  there  is  little  information  either  in  the  form 
of  theory  or  empirical  rules  to  help  one  anticipate  and  avoid  these  problems  [1], 

The  following  types  of  interferences  appear  to  be  of  major  concern:  probe  blockage, 
generation  of  secondary  flows,  tripping  of  flow  instability  and  local  flow  changes  due 
to  the  presence  of  the  probe.  For  combustion  systems  we  must  add  to  the  list  possible 
interactions  between  the  probe  and  chemical  reactions,  e.g.  flame  holding  and  catalytic 
reactions.  The  occurrence  of  any  of  these  effects  is  dependent  on  the  probe  geometry  and 
location  in  yh%  flow  field  and  on  the  apparatus  configuration  and  flow  conditions. 
Therefore,  generalizations  concerning  the  potential  for  interference  are  difficult  to 
make  and  are  of  limited  usefulness.  It  seems  obvious  that  an  important  consideration  is 
to  keep  the  probe  dimensions  small  compared  to  local  characteristic  flow  dimensions.  If 
probe  cooling  is  necessary,  small  probes  such  as  may  be  required  to  probe  regions  with 
large  gradients  will  be  difficult  to  manufacture. 

Swirl  flow  is  known  to  be  particularly  sensitive  to  distortion  by  probes  [1,15] 
and  is  a  flow  characteristic  common  to  many  gas  turbine  combustors.  Bilger  [1]  notes  for 
swirling  flow  the  potential  for  secondary  flow  along  the  probe  support  towards  the  vortex 
core  when  a  probe  is  introduced  perpendicular  to  the  vortex  axis.  In  laminar  flow  for 
intermediate  swirl  levels  when  vortex  breakdown  is  either  present  or  incipient,  the 
occurrence  of  significant  probe  induced  perturbations  is  well  documented  [13.14],  while 
at  higher  Reynolds  number  with  turbulence  present,  evidence  in  the  literature, 

[15,18,24,25]  though  not  conclusive,  indicates  that  perturbations  may  or  may  not  occur 
depending  on  specific  flow  conditions  and  probe  design.  For  very  high  levels  of  swirl, 
extremely  long  recirculation  zones  are  observed  and  the  flow  field  may  be  quite  complex. 
Such  high  swirl  levels  are  not  typical  of  gas  turbine  combustors.  Of  concern  in  the  pre¬ 
sent  context  is  the  potential  for  perturbation  in  turbulent  flow  for  all  but  the  highest 
swirl  levels,  especially  when  reverse  flow  is  present.  Thus,  the  laminar  flow  experience 
is  primarily  of  interest  for  what  it  implies  about  turbulent  flows.  As  an  example  of  the 
nature  of  probe  interference  problems  and  because  of  the  significance  of  swirling  flow  to 
gas  turbine  combustors,  the  present  discussion  will  be  limited  to  this  type  of  flow. 

Hot-wire  anemonetery  and  multi-hole  pitot  probes  have  been  used  widely  in  the  past 
to  investigate  turbulent,  swirling  flow  [5,18,19,20,24],  The  shortcomings  of  these  methods 
in  three-dimensional  highly  turbulent  flow  have  been  recognized,  but  in  the  absence  of 
more  satisfactory  techniques  they  were  accepted  and  the  experimental  results  treated 
accordingly.  More  recently,  laser  doppler  velocimetry  techniques  have  been  employed  to 
make  non-intrusive  velocity  measurements  in  swirling  flow.  These  new  data  provide  an 
opportunity  to  make,  at  least  indirect,  comparisons  between  data  obtained  by  intrusive 
and  non-intrusive  methods. 

With  all  the  probe  measurements  made  in  turbulent  swirling  flow  there  have  been  very 
few  references  to  significant  disturbances  induced  by  the  probe.  Both  Chigier  [15]  and 
Oven,  et  al.  [27]  report  perturbations  when  a  probe  is  introduced  into  or  near  the  swirl 
generated  recirculation  zone  for  intermediate  levels  of  swirls  in  combusting  flows  where 
the  probe  acts  as  a  flan*  holder.  Comparison  between  velocity  measurements  made  with 
probes  and  laser  velocimetry  [5,19,17,18]  show  differences  as  would  be  expected  due  to 
the  large  number  of  possible  errors  associated  with  probe  techniques  and,  to  a  lesser 
degree,  to  errors  in  LV  measurements ,  but  the  differences  do  not  suggest  probe  perturba¬ 
tions.  Also,  comparisons  between  hot-wire  and  pressure  probe  data  for  mean  velocity 
magnitude  [5,24]  in  swirl  flow  with  and  without  recirculation  are  favorable  indicating  no 
probe  interference  since  one  would  expect  different  disturbances  from  the  different  probes. 
Cassidy  and  Falvey  [25]  note  the  disappearance  of  hot-wire  probe  interferences  in  their 
data  as  the  flow  Reynolds  number  is  increased  and  turbulence  is  observed,  which  supports 
the  hypothesis  that  interference  is  much  less  likely  in  turbulent  flow  than  in  laminar 
flow. 


Chigier  [26]  suggests  that  interference  in  these  flows  can  be  avoided  if  the  probe 
dimenaion  is  much  less  than  the  thickness  of  the  vortex  core.  The  laminar  swirling  flows 
in  which  probe  perturbations  are  observed  are  of  sufficiently  large  Reynolds  number  to  be 
predominately  inviscid,  and  the  vortex  core  in  such  flow  is  a  small  confined  cylindrical 
region.  In  turbulent  flow,  at  least  in  the  mean,  the  vortex  core  is  much  larger.  There¬ 
fore,  if  Chigier  is  correct,  a  perturbing  probe  in  laminar  flow  may  be  small  enough  to 
be  non-perturbing  in  turbulent  flow.  Alternatively,  these  differences  might  be  explained 
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ir  'erss  ->f  prone  interactions  with  '■*  axial  vortex  filaments  which  cc"pr;e  the  wcx 
core  In  c/1  ir.drical  laminar  flow,  those  filaments  are  undisturbed  upstream  of  r’-e 
vortex  breakdown,  but  with  the  insertion  of  a  probe,  filaments  are  iocallv  dis'urbed  and 
d: s* urbances  mav  propaeafe  along  them  causing  a  significant  change  in  the  flow  far  awa 
from,  'he  probe  If  the  flow  is  turbulent,  these  vortex  filaments  are  high.lv  d.  started 
h  /  'he  turbulence  ar.rf  the  insertion  of  the  orobe  adds  no  significant  new  distortion  Tr. 
ei'her  case  the  evidence  indicates  that  turbulent  flows  with  low  or  modera'e  swirl  levels 
appear  much  less  susceptable  to  probe  perturbations  than  are  laminar  flows,  nrovided  'he 
probes  are  small  . 

With  combustion  present,  flame  holding  bv  the  probe  is  alwavs  a  potential  problem 
and  in  swirlin2  flows  has  been  resorted  bv  Chigier  [15]  and  bv  Oven,  et  al  [27j  Further¬ 
more.  Oven,  et  al .  report  apparent  Inconsistencies  between  measured  mean  temperature  and 
mean  fuel  concentration  at  various  points  in  the  recirculation  zone  of  thier  model  combus - 
-or  Large  mean  temperatures  are  observed  at  points  where  on  a  time-mean  basis  substantial 
amounts  of  fuel  are  unreacted.  For  these  measurement  points,  no  probe  distortion  is 
apparent:  visually.  This  inconsistencv  may  be  due  to  the  influence  of  turbulent  fluctua¬ 
tions  on  the  sampling  and  measurement  process- -which  seems  unlikelv  to  the  author. 
Alternatively,  it  mav  be  due  to  radial  in-flow  along  the  probe  bod-/--a  cylindrical  probe, 
transverse  to  the  flow  was  emploved--as  predicted  bv  Bilger  (see  above  and  Reference  1), 
Other  subtle  probe  effects  mav  be  a  frequent  but  as  yet  unobserved  occurrence  in  these 
flows.  More  research  on  these  problems  is  required  for  their  resolution,  and  until  such 
time  as  they  are  resolved,  we  must  proceed  with  caution. 

These  swirling  flow,  probe  interaction  problems  are  an  example,  perhaps  the  best 
example,  of  problems  stemming  from  probe  aerodvnamic  effects  which  will  occur  to  varving 
degrees  for  anv  type  of  probe  be  it  thermocouple,  gas  sampling  or  pressure  probe.  Inter¬ 
ference  can  be  expected  in  any  flow  especially  recirculating  flows  and  in  other  elliptic 
flows.  In  conducting  experiments,  probes  should  be  small  and  steps  should  be  taken  to 
monitor  one  or  more  critical  combustor  parameter (s) ,  e.g.  wall  static  pressure,  flame 
appearance,  combustor  exit  temperature,  or  flame  luminosity,  during  nrobe  insertion  for 
indications  of  probe  induced  disturbances. 

Systematic  studies  of  probe  interferences  are  needed  to  resolve  these  questions  and 
to  guide  probe  designs  and  application.  Probe  performance  in  flows  such  as  bluff  bodv 
wakes,  behind  steps  and  in  swirl  generated  recirculation  zones  should  be  evaluated  for 
different  probe  configurations.  Non- intrus ive  flow  measurement  techniques  such  as 
schlieren  and  laser  velocimetry  can  be  used  to  monitor  flow  conditions  with  and  without 
the  probe  present.  Pitot  probe  performance  in  such  flows  could  also  be  checked  bv  com¬ 
parison  with  laser  velocemetry  results.  The  influence  of  flow  confinement  in  promoting 
or  suppressing  interferences  should  also  be  studied.  Optical  techniques  such  as  Raman 
scattering  and  coherent  anti-Stokes  Raman  scattering  also  can  be  used  to  measure 
composition  and  temperature  for  comparison  with  probe  results. 

SAMPLING  PROBES 

In  this  section,  our  discussion  will  focus  on  the  influence  of  external  aerodynamic 
effects  and  not  address  probe  quenching  questions.  The  importance  of  rapidly  quenching 
reactions  in  the  gas  sample  to  preserve  sample  composition  is  broadly  recognized 
[1,2,28,29,30].  Recently  this  subject  has  been  studied  intensively  especially  in  regard 
to  the  conversion  of  NO  to  NO?  in  conventional  sampling  probes  [26,27],  With  reasona¬ 
ble  care  it  appears  possible  to  freeze  major  species  concentrations  in  the  sample  via 
rapid  quenching  with  water  or  low  pressure  steam  cooled  probes.  With  regard  to  aerodynamic 
quenching,  a  technique  frequently  used  in  low  pressure  flames,  theoretical  analysis  [2] 
indicates  that  it  is  difficult  to  obtain  sonic  velocity  at  the  sampling  orifice  due  to 
viscous  effects  and  therefore  in  many  cases  "aerodynamic”  quench  probes  actually  depend 
on  conduction  for  quenching.  In  low  pressure  flames  conduction  along  the  probe  body  and 
support  may  be  sufficient  to  keep  a  cool  tip  on  8n  aerodynamic  orobe.  However,  in  high 
intensity  combustors,  cooled  probes  should  be  used  to  insure  quenching. 

Quenching  in  conventional  (thermal  or  aerodynamic  quench)  probes  is  not  sufficiently 
rapid  to  preserve  reactive  species  concentrations  in  the  sample.  If  these  components 
are  to  be  measured  through  gas  sampling,  molecular  beam  sampling  systems  are  required  [31]; 
it  is  doubtful  that  these  cumbersome  sampling  devices  will  ever  be  suitable  for  sampling 
from  model  combustors  or  actual  hardware.  They  will  not  be  considered  here. 

In  this  paper,  attention  is  focused  on  the  the  aerodynamic  aspect  of  the  problems  of 
bringing  an  accurate  gas  sample  to  the  mouth  of  the  sampling  probe  in  turbulent  reacting 
flows.  These  problems  include  1)  turbulence  effects  on  sampling,  2)  aerodvnamic  pertur¬ 
bations  by  the  probe  and  3)  thermal  and  chemical  perturbations  induced  by  the  probe. 

Probe  perturbations  are  discussed  in  the  previous  section;  in  this  section  the  emphasis  Is 
on  the  first  item. 

The  possibility  of  sample  distortion  due  to  turbulent  fluctuations  in  density,  compo¬ 
sition  and  velocity  has  been  noted  by  a  number  of  investigators.  Drawing  an  analogy  with 
the  problem  of  sampling  small  particles  from  a  two  phase  flow  it  has  been  suggested  that 
isokinetic  sampling  (presumably  relative  to  the  mean  flow  velocity)  is  necessary  to  avoid 
bias  due  to  density  fluctuations  [1,32],  However,  to  the  author's  knowledge,  there  has 
been  no  systematic  study  of  this  problem.  In  light  of  the  preceeding  discussion  of  pres¬ 
sure  probe  measurements  it  seems  appropriate  to  approach  this  question  by  considering  the 
response  to  yaw  and  pitch,  velocity  and  density  of  a  sample  probe  in  steady  laminar  flow 
and  then  average  over  the  turbulent  fluctuations . 


For  reacting  flows  this  approach  is  cottdI  i  cared  bv  the  ihi  1  i  tv  of  1  »r?e  dens'.*  ■■ 

f  luc  tuat  ions  .  In  addition,  unless  the  probe  has  a  sonic  orifice,  f  i  ;c*:a*:  or.s  i  r.  anh  ■:  «•-  * 
conditions  mav  drive  flow  oscillations  in  the  sarrplin?  system  -  the  Probe,  sarnie  transfer 
line  and  conditioning  system,  and  gas  analysis  equipment  For  'be  purposes  of  i 1 1  us* ; a* '  • 
it  will  be  sufficient  to  examine  the  sampling  problem  under  two  li-;*ir.g  cases  a  s-a  1  1 
mass  flow  rate  probe  and  a  sonic  orifice  probe 


For  low  sampling  rate,  assume  that  the  sampling  orifice  is  smal 1  compared  *  -  *e 
probe  diameter  (fd-'D)  *  *  1)  and  consider  the  limit  of  extreme l v  low  sampling  rate  1- 
this  case,  the  ‘low  field  around  the  standard  i~pact-tvpe  sample  probe  is  ver  /  nearly 
that  observed  for  an  equivalent  total  pressure  pitot  probe  where  there  is  no  sample  fl  w 
Thus,  the  pressure  driving  the  sample  flow  is  Ps  from  Equation  1  Let  -P'P„-P7  -p 
the  pressure  drop  across  the  sampling  orifice  at  the  probe  tip.  Then  the  sample  -ass 
flow  is  given  by  the  following 
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Ap  is  the  flow  area  in  the  probe  where  the  pressure  PD  occurs  0  is  -he  discharge 
coefficient  which  is  assumed  constant.  The  sample  mass  flow  for  the  species  .  is 
given  bv  (Y  is  the  mass  fraction  of  a) 
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For  low  flow  rates,  including  the  condition  of  isokinetic  sampling. 

2Pp(P-Pp)!  <  Of  c2  U2  fl  -  K(sin2  9)ml  which  means  that  m^  will  respond  to  changes  in 

Y., ,  P.  Op  and  U  and  that  when  the  instantaneous  probe  response  is  averaged  over  rime 
a  complex  relationship  between  the  mean  and  fluctuating  components  of  mass  fraction, 
density,  pressure  and  velocity  is  obtained. 


-  C  Ap  2c,  fP-P  )  +  c2  U5(l  -~K(sin?d)r)  >  (?) 

As  before,  the  flow  approaching  the  nrobe  tip  is  assumed  to  be  quasi -1  ami nar  and 
quasi-steadv,  inviscid  and  constant  density.  Furthermore,  the  orifice  flow  into  the 
probe  is  assumed  to  be  quasi -steady .  These  assumptions  i.mplv  that  fluctuations  in  the 
sample  system  are  small.  If.  further,  they  mav  be  neglected  then  Pp  is  constant. 

Otherwise,  m^  will  depend  on  the  dynamical  recponse  characteristics  of  the  sample  r/stem 
as  well  as  the  turbulent  fluctuations  in  the  flow  field.  In  either  case,  a  reasonable 
interpretation  of  such  a  gas  sample  appears  virtually  impossible,  and  therefore,  one 
should  avoid  sampling  at  low  velocities.  This  comment  applies  equally  to  the  condition 
of  isokinetic  sampling;  it  may  appear  attractive  intuitively,  but  this  simplified 
analysis  clearly  shows  that  it  is  a  bad  idea.  In  this  development,  the  length  scale  of 
the  turbulent  eddies  (;)  is  assumed  to  be  larger  than  the  nrobe  scale  (see  above),  while 
the  analogy  with  particulate  sampling  procedures  drawn  to  support  the  use  of  isokinetic 
sampling  conditions  requires  that  the  eddies  be  small  compared  to  d.  Therefore,  the 
conflicting  conclusion  drawn  here  is  not  surprising.  The  condition  that  d  •’  required 
for  isokinetic  sampling  will  be  very  difficult  to  realize  in  practice  and  conflicts  with 
the  recommendations  of  the  previous  section. 

The  basic  problem  with  low  speed  sampling  is  that  the  instantaneous  mass  flow  depends 
on  the  local  density,  static  pressure  and  dynamic  pressure.  As  these  quantities  vary, 
the  sample  mass  flow  rate  varies,  and  the  mean  mass  flow  rate  will  be  contaminated  with 
correlations  between  fluctuations  in  all  of  these  quantities.  It  does  not  seem  feasible 
to  take  advantage  of  the  presence  of  correlation  terms  in  the  probe  response  to  measure 
them  since  the  present  analysis  is  rather  artificial  and  a  more  realistic  one  will  lead 
to  much  more  complex  results.  Thus,  it  is  concluded  that  low  velocity  sampling  probes 
should  not  be  employed  for  sampling  when  large  density,  pressure  and  velocity  fluctuations 
are  present.  In  combustion  systems,  the  main  difficulties  arise  in  the  reaction  zone 
where  density  fluctuations  can  be  extremely  large. 

Support  for  the  above  conclusions  can  be  found  in  the  experimental  results  of  Kennedy 
and  Kent  [33]  who  report  significant  differences  between  values  of  fuel  atom 
fraction  obtained  in  a  turbulent  Hv-air  diffusion  flame  with  an  isokinetic  sampling  probe 
and  similar  data  obtained  with  a  light  scattering  technioue,  Figure  3.  The  mixture 
fraction,  ?,  is  the  mass  fraction  of  fuel  atoms  present  in  a  sample  regardless  of  the 
molecules  in  which  the  atoms  are  found.  Figure  3a  shows  centerline  variations,  for-, 
smaller  x/D  there  are  no  significant  differences  between  normal  (t)  and  Favre  (r) 
averaged  values  of  5  obtained  by  tight  scattering  which  implies  that  density  fluctuations 
are  not  large  enough  to  influence  the  averages .  Discrepencies  between  probe  and  scattering 
data  occur  only  at  larger  x/D  ^where  density  fluctuations  are  more  significant  as  noted 
by  differences  between  e,  and  5  .  The  half-radii  data,  Figure  3b,  show  much  larger 
discrepencies,  and  densLty  fluctuations  are  much  significant.  Clark,  et  al.  [34]  report 
measurements  of  CO,  NO*  and  unbumed  hydrocarbons  in  a  continuous  combustor  using  dif¬ 
ferent  probe  configurations.  There  is  considerable  scatter  in  their  data  which  possibly 
obscures  small  changes  due  to  probe  variations.  Marked  changes  in  measured  concentrations 
are  observed  with  a  change  In  probe  tip  geometry,  indicative  of  possible  aerodynamic 
effects  stemming  from  turbulence. 
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Thus,  the  response  of  the  sonic  probe  is  greatlv  simplified  compared  with  the  first 
probe,  while  the  assumptions  leading  to  these  expressions  are  more  reasonable. 


The  analysis  of  time  averaged  samdes  from  such  a  probe  may  be  used  to  obtain  the 
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If  density  fluctuations  are  not  too  large,  e.g.  outside  the  reaction  zone,  this  tvpe  of 
probe  may  be  used  to  obtain  an  accurate  measure  of  sample  composition.  However,  in  the 
reaction  zone,  large  fluctuations  in  density  are  expected,  and  for  major  reactant  and 
product  species  <jy‘  a  will  be  large.  Note  that  the  half  power  dependency  of  mass 
flow  rate  on  density  means  that  there  is  no  simple  interpretation  of  results  in  terms  of 
Favre  averaged  quantities  either. 

Thus,  one  concludes  that  accurate  sampling  measurements  for  mean  mass  fractions  in 
regions  of  large  density  fluctuations  will  require  corrections  for  the  influence  of  these 
fluctuations  on  measurement  quantities.  Furthermore,  it  is  obvious  that  the  corrections 
for  a  sonic  orifice  probe  are  much  less  complicated  than  for  other  probes,  and  therefore 
this  sample  flow  condition  is  preferred.  Corrections  will  require  estimates  of  density 
fluctuations  and  correlations  between  density  and  species  mass  fraction  fluctuations. 

It  may  be  satisfactory  to  infer  density  fluctuation  characteristics  from  instantaneous 
temperature  measurements  by  compensated  thermocouples  or  some  other  technique,  while  a 
relatively  crude  combustion  model  might  be  satisfactory  for  estimating  the  i,  ' 

term.  For  instance,  under  the  assumptions  of  fast  chemistry,  equal  diffusivities  and 
unit  Lewis  number,  the  temperature  (or  density)  and  soecies  concentrations  are  related 
unambiguously  for  premixed  combustion,  and  <y'^  c'^>  for  major  species  may  be  estimated 
from  instantaneous  temperature  (density)  data.  1 Advanced  diagnostic  techniques  can 
provide  necessary  data  to  support  the  development  of  sonic  flow  probe  techniques  in 
general  and  correction  methods  in  particular. 


As  noted  previously,  a  one  dimensional  compressible  flow  analysis  for  the  probe 
and  sampling  lines  [2]  indicates  that  in  many  situations  for  small  orifice  area  there 
may  not  be  enough  pressure  drop  available  between  the  combustor  volume  and  the  sample 
pump  to  choke  the  sample  orifice  and  drive  the  required  mass  flow  against  wall  friction 
through  the  sample  system.  This  inability  is  the  inevitable  consequence  of  wall  fric¬ 
tion  effects  and  a  more  refined  analysis  is  not  expected  to  ai.ter  the  conclusion.  Thus, 
for  sonic  orifice  sampling,  there  is  a  minimum  allowed  orifice  area  which  depends  on 
combustor  pressure  and  sample  system  configuration.  Care  should  be  exercised  to  insure 
that  the  sonic  condition  is  obtained. 


The  consequences  of  an  unchoked  sample  flow  are  not  entirely  clear.  The  pressure 
drop  across  the  probe  and  sample  line  is  large,  and  it  is  doubtful  that  fluctuations 
in  static  and  dynamic  pressure  in  the  combustor  will  significantly  alter  the  overall 
pressure  drop  across  the  sampling  system.  Furthermore,  if  the  flow  in  the  sample  system 
is  assumed  to  be  quasi-steady  and  one-dimensional,  expressions  for  the  instantaneous 
flow  accounting  for  friction  and  heat  transfer  may  be  obtained.  Mass  flow  rate  will  be 
dependent  on  P,  o  end  aP  but  not  on  the  dynamic  head  (since  M  i  0.2).  As  for  choked 
flow,  turbulent  fluctuations  will  be  important  especially  if  the  density  fluctuations 
are  large.  The  utility  of  this  approach  seems  doubtful  because  the  quasi-steady  sample 


flow  assumption  is  poor  since  the  time  scales  for  sample  flow  are  large  Also,  the  dvnam; • 

cal  response  of  flow  in  the  probe  and  sample  line  needs  to  he  analysed  to  determine  if 
instabilities  are  present  under  such  conditions.  Research  mav  mare  i t  possible  'o  design 
a  sampling,  probe  and  system  which  ameliorate-,  these  jns'ea.dv  f  1  ~w  effects  “ovever .  a' 
this  time,  the  possibility  of  such  a  design  seems  renff.  and  'he  sonic  sample  flow 
condition  should  be  be  employed  if  at  all  possible 

In  the  previous  discussion  it  is  assumed  implicit1.  /  tls'  the  sample  probe  exterior 
configuration  is  similar  to  standard  impact  probe  designs  and  that  the  probe  is  aligned 
to  at  least  face  into  the  flow.  In  a  recirculating  flow  such  alignment  may  be  difficult 
to  achieve.  Even  so,  in  high  velocity  streams,  some  alignment  appears  to  be  essential 
for  obtaining  an  interpre tab  1 e  sample.  On  the  other  hand,  if  the  flow  velocity  is  low 
enough  such  that  the  sink  flow  of  sample  into  the  probe  is  not  significantly  influenced 
by  the  combustor  flow,  no  alignment  seems  necessary 

The  errors  introduced  in  probe  samples  bv  turbulent  fluctuations  in  density, 
pressure  and  velocity  have  been  demonstrated  by  two  examples  Under  special  circumstances . 
sonic  orifice  sampling,  these  errors  may  be  estimated  and  corrections  made  if  auxiliary 
measurements  are  made.  When  density  fluctuations  are  significant  these  errors  are  large 
and  if  corrections  are  not  possible,  the  results  are  of  limited,  quantitative  value 

SUMMARY 


The  performance  of  pressure  and  sampling  probes  in  turbulent  reacting  flows  has  been 
discussed  with  regard  to  the  influence  of  turbulent  fluctuations  on  the  quantities  measured 
and  with  respect  to  possible  perturbations  of  the  flow  field  by  the  probe.  Analyses  of 
probe  response  to  turbulent  fluctuations  under  various  assumptions  indicate  that  turbulent 
f luctuations  can  have  a  significant  effect  on  results  and  that  the  larRe  density  fluctua¬ 
tions  present  in  reaction  zones  introduce  correspondingly  large  errors  in  the  results  if 
corrections  are  not  made. 

The  analyses  of  multi-hole  pressure  probes  are  general  and  corrections  seem  feasible 
if  auxiliary  measurements  are  performed.  Furthermore,  if  multiple  probes  or  probe  orien¬ 
tations  are  employed,  these  interferences  provide  an  opportunity  to  measure  significant 
turbulence  parameters  such  as  1  u  .  For  sampling  probes,  the  analyses  are  much  less 

general,  while  the  effects  of  fluctuations  are  both  significant  and  complex.  In  the  case 
of  unchoked  sampling  probes,  correction  for  turbulence  effects  appears  infeasible.  If 
the  probe  flow  can  be  choked  at  its  inlet,  corrections  are  necessary  only  when  density 
fluctuations  are  large,  and  under  certain  conditions  corrections  appear  feasible. 

Recent  studies  indicate  that  choking  the  sample  flow  is  not  possible  if  the  sampling 
orifice  is  too  small.  For  conditions  where  choking  is  not  possible,  there  Is  little 
hope  that  corrections  can  be  made,  and  considerable  error  In  probe  data  must  be  accepted. 

The  possibilities  for  probe  induced  flow  perturbation  are  discussed  in  the  paper, 
and  the  case  of  swirling  flow  is  reviewed  in  some  depth.  As  a  general  rule,  probes 
should  be  as  small  as  possible;  thus  uncooled  or  partially  cooled  probes  as  that  of 
Macfarlane  [6]  are  preferred.  To  guard  against  undetected  probe  perturbations,  the 
combustor  should  be  monitored  during  probe  insertion  and  no  measurement  should  be  con¬ 
sidered  valid  if  changes  are  observed.  Asided  from  these  general  rules,  there  is  little 
other  advice  that  can  be  given.  These  perturbations  are  a  significant  problem  and  tbev 
deserve  more  attention. 
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Figure  2.  Standard  conf  i  gnrat  ion  for  five-hole  hern  - 
spherical  pressure  probe  from  Reference  9  :  is 

the  yaw  angle  and  the  pitch  angle 
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Figure  3.  Comparison  of  mixture  mass  fraction  (O  data  obtained 
from  a  H2-air  diffusion  flame  with  a  conventional  probe  (□)  and 
by  light  scattering  (0,a)  from  Reference  33:  a)  centerline  varia¬ 
tion  of  mean  mixture  fraction  by  orobe  Q  and  conventional  (0) 
and  Favre  (&)  mean  values  from  light  scattering  and  b)  axial 
development  of  mean  mixture  fraction  half-radii  (R^/a)  from  probe 
measurements  (O )  and  from  conventional  (0)  and  Favre  (t  >  mean 
data  (a  is  the  jet  nozzle  radius). 
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DISCUSSION 


W.G.AIwang,  US 

What  are  the  magnitudes  of  the  expected  errors  in  Pt  and  rh  for  typical  situations1 

Author's  Reply 

In  the  Becker  and  Brown  paper  error  data  for  impact  probes  in  incompressible  shear  flow  are  presented,  and  Bennett 
gives  error  estimates  for  a  five-hole  probe  in  a  compressor  discharge  flow  (the  estimates  are  reported  in  my  paper) 
For  reacting  flows  I  have  no  estimates  for  specific  combustion  situations  I  expect  that  considerable  error  occurs 
when  probing  reaction  zones  where  density  fluctuates  by  hundreds  of  percent  and  density  and  velocity  fluctuations 
may  be  correlated.  The  sampling  probe  data  of  Kent  and  Bilger  and  the  particle  scattering  results  of  Kennedy  and 
Kent  are  compared  in  the  paper  to  provide  some  indication  of  the  errors  incurred  with  isokinetic  sampling.  The 
comparison  indicates  that  significant  errors  can  occur  in  regions  of  large  density  fluctuations 


application  of  model  laws  when  determining  the  heat  TRANsFFR 

COEFFICIENTS  BY  EXPERIMENTS  ON  COOLED  7!.  RB  1ST  BLADFS 


0.  A.  von  Schwe  rd?  ner  *nd  H.-C.  Hr, sen l  i  d 
Kraf twerk  Union,  Mvilheim/Ruhr ,  F.R. Germany 


Summary 

Fulfilling  model  laws  for  geometry,  aerodynamics  and  heat  transfer  by  *eduring  temperature  ?nd  pressure 
of  the  operational  and  cooling  fluids  as  opposed  to  the  conditions  in  the  turbine.  With  these  requ  •,  remer  r  s  : 
Conception  of  a  cascade  wind  tunnel  with  closed  circuit;  enables  the  independent  variation  of  influence 
values  e.g.  Mach  No.,  Reynolds  No.,  degree  of  turbulence,  temperature  ratio  operating  f  luid -'cool  ing  fluid. 
Two  measuring  methods  :  1.  Determining  the  local  heat  transfer  coefficients  by  calorimetric  :..e*ns  when 
cooling  the  blade  surface  with  water  in  sections;  2.  Distribution  of  the  cooling  efficiency  on  r he  pr-fi.e 
contour  with  the  original  cooling  process.  Examples  of  results. 


LIST  OF  SYMBOLS 

c  velocity 

e  specific  heat  at  constant  pressure 
c*  critical  pressure  coefficient  per  (20) 
d  blade  wall  thickness 

H^,  cooling  degree  per  (21) 

factor  per  (17) 

1  length 

m  mass  flow  rate 

Ma  Mach  number 

Nu  Nusselt  number 

p  pressure 

P*  critical  pressure 

Pr  Prandtl  number 

q  heat  flow 

R  gas  constant 

Re  Reynolds  number 

s  distance 

s  vector  of  distance 

T  temperature 

Tu  degree  of  turbulence 

w  vector  of  local  velocity 

a.  heat  transfer  coefficient 
n  dynamic  viscosity 


characrerist  ir  quantity  >f  temperar  ure 
per  (lb) 

¥  isentropic  exponent 

X  thermal  conductivity 

v  kinematic  viscosity 

Subscripts 

a  external 

ad  adiabatic 

D  pressure  side 

F  water 

G  air  or  flue  gas 

i  internal 

k  outline 

K  cooling  air 

M  experiment 

P  profile 

S  suction  side 

T  turbine 

W  wall 

x  coordinate  of  distance 

1  inlet 

2  outlet 

08  free  stream  condition 


I.  INTRODUCTION 

The  increase  in  turbine  inlet  temperatures  of  gas  turbines  results  in  higher  stresses  at  all  machine  com¬ 
ponents  coming  into  contact  with  the  hot  gas  flow.  On  the  one  hand  it  requires  the  utilization  of  tempera¬ 
ture  resistant  materials  and  on  the  other  the  cooling  of  extremely  stressed  areas.  This  primarily  applies 
to  the  blades  of  the  first  turbine  stages.  An  efficient  cooling  system  must  first  restrict  the  blade  tem¬ 
peratures  to  an  allowable  level  and  second  keep  temperature  differences  small;  third  as  the  relevant 
cooling  air  results  in  a  certain  loss  of  output,  it  has  to  be  minimized.  Even  in  case  of  simple  cooling 
systems  as  it  is  the  case  with  stationary  gas  turbines,  contrary  to  those  for  aircraft  propulsion,  any 
optimum  design  can't  be  achieved  based  on  theoretical ^findings  only.  At  Kraftwerk  Union  the  required 
experimental  investigations  are  primarily  performed  at  operating  conditions  on  gas  turbines.  Above  all 
there  is  a  gas  turbine  test  field  at  Berlin,  the  water  friction  brake  of  which  can  brake  ratings  up  to 
120  MW.  Thus,  rating  and  speed  may  be  varied  separately  [1*2].  Such  experiments  require  much  time  and 
financial  expenditure,  it  therefore  should  be  investigated  if  and  to  what  a  degree  they  may  be  supplemented 
or  replaced  by  laboratory  investigations . 


2.  CONCEPT  OF  LABORATORY  INVESTIGATIONS 


Laboratory  investigations  must  be  favourable  with  respect  to  time  and  costs  without  simplifying  the  problem 


C  o~‘  much.  The  disadvantage  being  unavoidable  in  nosr  cases,  i.e.  the  fact  that  some  factors  are  j>ar* 
or  completely  neglected,  is  generally  connected  with  the  definite  advantage  of  having  the  p^ss j S i ; i : v  r- 
study  the  effects  of  especially  interesting  and  important  factors  to  an  better  extend  than  m  the  turbine 
test  field.  Regarding  the  test  set  up,  the  i nves 1 1  gat i ons  at  original  comp -meats  applying  pressures  and 
temperatures  as  i  .1  the  turbine,  result  in  only  slight  advantages  compared  'o  turbine  test  field  measure¬ 
ments.  Accordingly,  we  planned  the  test  according  Co  the  following  concept  ; 

.%)  investigation  of  the  cooling  system  at  one  blade  cross-se  lion,  i.e.,  investigations  in  a  cascade, 
b)  measurements  at  pressures  and  temperature  being  reduced  -orapared  to  the  turbine. 

To  aj :  The  cascade  represents  3  simplification  compared  to  the  turbine.  Thus,  e.g.  it  isn’t  far.-shaped, 
the  rotational  influences  and  the  three  dimensional  effects  are  lacking.  The  investigations  are  reduced  to 
one  bl-ade  section,  causing  in  case  of  severe  radial  profile  modi f icat i ons  that  probably  sever. >1  sections 
must  be  investigated  to  assess  the  blade  cooling  phenomena  to  a  sufficient  extend.  Cooling  systems  inclu¬ 
ding,  as  in  the  case  of  the  rotor  blades,  radial  flow  paths  may  be  investigated,  too,  -  they  require, 
however,  enlarged  expenditures.  I.e.,  the  question  if  a  problem  may  be  researched  and  moreover,  to  what  an 
extend,  must  be  decided  from  case  to  case,  regarding  the  limiting  boundary  conditions  of  such  a  test  faci- 
1  i  ty. 

To  b) :  The  lowering  of  pressure  and  temperature  is  possible,  if  the  relevant  laws  of  similitude  are  adhered 
to.  The  following  section  deals  with  this  question. 

3.  CONSIDERATIONS  OF  SIMILITUDE 

The  considerations  apply  to  the  similitude  of  geometrical  arrangement,  f low  and  heat  transfer. 

3 . 1  Similitude  with  respect  to  geometrical  arrangement 

In  case  of  a  cascade,  geometrical  similitude  refers  to  the  selected  profile  section  of  the  original  blade. 
The  formation  of  the  wall  boundary  layer  depends  on  the  roughness  of  the  blade  surface  while  the  known 
model  laws  of  wall  roughness,  e.g.  f  3 1 ,  must  be  fulfilled.  Applying  a  model  scale  of  about  1:1,  the  surface 
finish  ran  be  adequately  adapted.  In  general,  we  perform  model  tests  with  hydraul ical ly  smooth  surfaces 
corresponding  to  gas  turbine  blades  which  are  free  of  dirt  and  flaws  due  to  high  teng>erature  corrosion, 

3.2  Similitude  with  respect  to  flow  and  heat  transfer 

It  is  important  that  the  effects  of  surface  and  gas  radiation  may  be  neglected  in  the  following.  As  esti¬ 
mates  show,  the  surface  radiation  will  participate  in  heat  transfer  to  only  a  small  percentage  in  case  of 
the  temperatures  existing  with  stationary  gas  turbines;  in  the  test  bed  this  percentage  value  will  again 
be  less  than  one  tenth.  The  emitting  gases  carbon  dioxid  and  water  vapour  contained  in  air  contribute  to 
heat  transfer  to  an  even  far  less  extend  than  surface  radiation. 

In  the  cooling  systems  discussed  in  the  following,  heat  transfer  takes  primarily  place  by  forced  convection. 
Provided  the  Navier-Stoke* s  equation,  the  energy  equation,  the  equation  of  state  for  gases  and  the  con¬ 
tinuity  equation  are  non-dimensional ised,  the  following  relations  result  for  velocity  and  temperature  field 
as  well  as  for  heat  transfer  C3,  4,  S3 
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Where  s  is  a  vector  of  distance,  the  coordinates  of  which  are  non-dimensiona 1 i sed  by  reference  to  a  cha¬ 
racteristic  length.  The  definitions  for  Reynolds  number  Re,  Prandtl  number  Pr,  Mach  number  Ma  and  the  de¬ 
gree  of  turbulence  Tu  are: 
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Equation  (5)  applies  to  the  socalled  isotropic  turbulence,  the  mean  fluctuation  velocities  in  the  3  coordi¬ 
nate  directions  are  equel,  while  the  mean  longitudinal  fluctuation  may  be  considered  the  only  determining 
fector  for  the  degree  of  turbulence. 

The  dependencies  of  (l>,  however,  are  only  partially  explicit,  i.e.  there  are  e.g.  several  forraulars  for 
the  influence  of  t.  Re,  Pr  and  T^/T^  on  Nu,  being  mostly,  however,  restricted  to  a  certain  area  of  validity. 
The  knowledge  of  the  relevant  mathematical  dependency  may  be  regarded  unneceasary,  however,  if  each  para¬ 
meter  is  going  to  be  set  up  in  the  test  bed  as  in  the  turbine.  In  case  of  1  this  requirement  is  tulfilled 


per  section  1.1,  and  there  are  no  principal  di  f  f  icul  *  ;es  regarding  VU ,  Re  and  T^.  7.  .  The  Prar.dt'.  ruxnber  l 
its  function  of  exclusive  fluid  properties  exhibits  slight  deviations  in  the  -esr  bed  and  the  turbine 
vh:ch  ar  be  considered  by  calculations.  The  degree  of  flow  turbulence  has  a  telling  influence  on  the 
transition  point  from  laminar  to  turbulent  boundary  iayer  or  the  position  and  extension  of  such  a  transi¬ 
tion  zone.  It  is  unknown  in  the  turbine  flow;  estimates  amount  to  7u  »  20  t  at  the  -otnbusrion  *ha»her 
let  with  a  decrease  down  co  below  JO  Z  at  the  turbine  inlet  (6  1.  It  must  be  variable  in  the  test. 

{ . J  Temperature  dependency  of  fluid  properties 

The  equation  flj  applies  to  constant  values  of  - ,  c  and  »  within  the  terc(>er<ature  regions  to  be  considered. 
If  the  temperature  level  is  essentially  lowered  in  Phe  test  bed  compared  to  reality,  the  similitude  of  the 
temperature  influence  on  the  properties  has  to  be  checked. 

This  may  be  established  as  follows: 
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The  subscript  K1  applies  to  the  cooling  air  inlet  condition  having  the  lowest  temperature  within  the  rele¬ 
vant  system;  the  reference  units  for  the  temperature  are: 


AT  - 


K  J 
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and 


(8) 


where 


0  1  -  1 


(9) 


The  products  y^  •  AT,  yc  *  AT  and  y  *  AT  are  the  model  numbers  to  be  ioted.  The  smaller  they  are,  th* 
smaller  the  tetAperature  ^dependency  of  the  properties  will  be;  if  they  become  zero,  there  is  no  tempera¬ 
ture  influence  left. 


Equal  model  numbers  correspond  to  a  similar  temperature  variation  of  the  properties  in  the  relevant  tempe¬ 
rature  ranges.  The  temperature  ranges  within  the  stationary  gas  turbine  and  in  the  test  bed  are  about: 


Accordingly,  the  model  numbers  of  turbine  and  ax*del  are  small  and  quite  similar  to  one  another,  thus  the 
requirement  of  similitude  in  the  temperature  variations  of  the  properties  may  be  regarded  as  adequately 
fulfil  led . 


3.4  Similitude  of  cooling  systems 

The  a.m.  considerations  can  be  directly  applied  to  in  the  case  of  test  facilities  set  up  to  determine 
separately  the  external  heat  transfer  coefficient  (refer  to  para.  6) ,  Moreover,  in  case  of  investigations 
regarding  the  entire  cooling  system,  the  external  heat  transfer,  the  heat  conduction  via  the  blade  wall 
and  the  internal  heat  transfer  must  relate  to  one  another  as  in  the  turbine.  The  equations  for  the  external 
heat  flow,  through  the  wall,  and  internally  say: 
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or  summarized 


«  (rV  *  rnsr  *  b  * T-  -  T* 

a  a  i  i  » 


Dividing  (11)  by  (10a)  amounts  to: 


and  by  (10c): 
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In  order  to  fulfill  the  a.m.  requirements  with  respect  to  the  ratios  of  heat  conductions  and  transfers,  the 
relevant  left  sides  of  (12)  and  (13)  must  coincide  in  turbine  and  experiment.  The  separate  consideration  of 
the  individual  units  or  quotients  is  intended  to  show  to  what  an  extend  this  will  apply.  If  the  required 
agreement  applies,  (13)  may  be  neglected,  as  there  are  no  other  units  on  the  left  than  with  (12).  Thus,  the 
model  condition  may  be  formulated: 
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The  similitude  of  Nu^  will  be  well  fulfilled  according  to  the  considerations  per  para.  3.2.  If  this  con¬ 
sideration  is  also  applied  to  Nu.,  the  result  will  be  satisfactory,  as  well.  -  The  agreement  of  ratio  d/l 
results  from  the  provision  of  geometrical  similitude.  -  The  ratio  of  the  thermal  conductivities  of  air 
i.e.  XaM  and  X.  ,  are  established  due  to  the  fact  that  the  temperatures  are  given  by  the  setting  of  Nu 
and  Nu..  Now  tfte  deviation  from  linear  temperature  variation  won't  be  high,  and  the  thermal  conductivity 
variation  of  the  original  blade  material  will  be  similar.  Thus,  the  requirement  of  similitude  for  'a/*£  anc* 

A  /Au  has  been  fulfilled  quite  well;  it  may,  however,  be  improved  by  an  adequate  selection  of  a  model  blade 
material . 

Those  considerations  have  shown  that  the  relevant  similitude  characteristics  of  complete  cooling  systems 
may  be  gained  quite  well  within  a  model  test.  Thus,  satisfactory  statements  on  he  distribution  of  tempe¬ 
ratures  at  all  points,  vertical  and  parallel  to  the  blade  surface  are  to  be  expected.  If  radial  flow  con¬ 
ditions  appear  additionally,  the  achievable  modeL  similitude  must  he  considered  from  case  to  case. 


4.  CONCLUSIONS  REGARDING  TEST  BED  OPERATION 

Prerequisite  of  the  test  bed  setting  values  will  be  the  selection  of  the  air  inlet  temperature 

It'll  be  set  at  600  K  with  regard  to  the  temperature  compatibility  of  the  test  bed.  According  to  the 

conditions  of  similitude 


(15) 


the  inlet  temperature  of  the  cooling  air  will  be  achieved  at  300  K.  Coi  pressed  air  of  this  temperature  is 
at  hand  due  to  laboratory  facilities.  The  inlet  air  pressure  results  from  the  condition  of  Mach  number  and 
Reynolds  number  equivalent  to  reality.  With  respect  to  this  pressure  the  equations  (2)  and  (4)  result  in: 


with  the  factor 
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The  inlet  pressure  may  be  calculated  to  4  bar  by  (16)  and  (17).  The  condition  of  equal  Mach  number  leads  to 
the  preasure  ratio  at  the  cascade  and  this,  assuming  identical  pTofilea,  results  in  the  actual  pressure 
-listribution  and  thus  temperature  distribution  in  the  air  flow.  By  means  of  (IS)  as  well  as  the  relevant 
Reynolds  number,  Mach  number  and  Prandtl  number  for  the  cooling  air,  the  blade  wall  will  be  confronted  with 
the  ectual  temperature  distribution. 
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The  Sasic  principle  of  this  te*r  program  par*  has  Seen  tne  Slade  se*:;--.  Sv  section  with  the  in¬ 

dividual  “ooling  segments  in*ui.?ced  towards  one  another.  Fig.  1  illustrate*  *  model  nlade  of  such  a  <ir.d. 
The  individual  cooling  segments  are  perpendicular  to  the  air  flow  direction  and  are  made  ut  :»f  copper. 

The  cooling  medium  will  be  water  flowing  perpendicular  tr<  the  air  flow.  The  temperature  ->?  the  r  oling 
water  and  thus  of  the  element's  surface  doesn't  increase  exactly  linearly  along  *he  .online  water  path,  hut 
in  an  exponential  wav.  Calculations ,  however,  and  measurements  at  some  cooling  elements  do  prove  that  in 
the  range  of  usual  measuring  accuracy  the  surface  temperature  established  in  the  blade  renter  may  he  con¬ 
sidered  the  medi  im  temperature  of  the  whole  element  surface.  The  insulating  material  between  the  cooling 
elements  exhibits  only  )  T»  of  the  copper  thermal  conduct  i  vi  ty . 

Thus,  the  heat  exchange  between  the  elements  will  he  extraordinary  small;  it  nevertheless  will  he  con¬ 
sidered  in  a  corrective  calculation.  The  cooling  water  mass  flow  has  an  influence  or.  the  surface  tempera- 
turejit’ll  be  adjusted  in  order  to  adapt  this  ten^erature  to  a  required  distribution.  The  tests  showed, 
nowever,  that  even  a  definitely  deviating  temperature  distribution  will  he  without  any  significant  in¬ 
fluence  on  the  heat  transfer,  thus  the  dependency  Nu  *  f  ( T^/T^ )  per  Me)  will  be  neglectaMv  small  within 
the  range  to  he  investigated.  The  amount  of  heat  for  each  element  which  will  be  transmitted  from  the  air 
to  the  cooling  e iement  and  then  removed  by  the  water,  can  now  he  set  up: 


Fa  fTC,  -  V*  *F  CPK  (TF2  -  TFI> 

The  cooling  water  mass  flow  m_  and  all  temperatures  will  be  measured  or  calculated  from  measured  values,  so 

that  the  external  heat  transfer  coefficient  rx  and  per 

a  r 


Nu  as  well  may  be  determined.  Experiments  with  this  concept  have  been  performed  for  the  stator  and  rotor 
blade  profile,  as  fig.  4  and  5  show.  There,  at  the  top  the  critical  pressure  coefficient 


and  at  the  bottom  Nu  have  been  plotted  versus  the  dimensionless  b lade  outline  length.  When  assessing  the 
uiagrams  it  has  to  be  noted  that  trip  edges  in  the  area  of  the  profile  leading  edge  reduce  the  lengths  of 
laminar  boundary  layers.  Fig.  4  shows  the  results  of  a  Reynolds  number  and  degree  of  turbulence  variation 
for  the  same  stator  blade  profile  as  in  fig.  3.  The  distribution  of  the  critical  pressure  coe f f ic ients wi  1 1 
be  uninfluenced  by  Re  and  Tu;  values  smaller  than  zero  are  equivalent  to  supersonic  velocities. 

The  variation  of  the  Nusselt  number  downstream  of  the  profile  leading  edge  shall  first  be  treated  for  the 
lowest  influx  Reynolds  number  (curve  1):  The  stagnation  point  at  the  leading  edge  is  shown  by  a  maximum 
which  has  been  slightly  offset  towards  the  suction  side.  The  drop  to  the  right  and  left  is  indicating  la¬ 
minar  boundary  layers  at  the  suction  and  pressure  side  with  the  boundary  layer  staying  in  a  laminar  condi¬ 
tion  (about  nori  zontal  .  The  significant  upward  tendency  of  the  curves  at  the  suction  side  with  s/l^cp  0.5 
illustrates  the  conversion  to  turbulent  boundary  layers.  -  The  laminar  lengths  will  consequently  be  reduced 
with  higher  inlet  Reynolds  numbers  (curve  2  and  3);  at  the  suction  side  of  curve  3  the  boundary  layer  will 
be  turbulent  practically  from  the  stagnation  point  onwards.  The  two  drops  in  the  further  course  of  the  curve 
at  the  suction  side  can  on  the  one  hand  be  caused  by  a  re  laminar i sat  ion  process  (10}  and  on  the  other  by  a 
socalled  separation  bubble  of  the  boundary  layer.  The  latter  is  also  indicated  by  the  c*  -  distribution 
dropping  to  a  horizontal  section  at  this  point  of  the  curve.  -  Smal ler  degrees  of  turbulence  (dotted  curves) 
result  in  smaller  Nusselt  numbers  nearly  everywhere. 

Fig.  5  shows  the  critical  pressure  coefficient  and  Nusselt  number  for  2  Reynolds  numbers  and  constant  degree 
of  turbulence  in  case  of  a  rotor  blade  profile.  The  high  Nusselt  number  in  the  area  of  the  blade  leading  edge 
is  remarkable,  dropping  severely  to  the  pressure  and  suction  side.  On  the  pressure  side  it  is  followed  by  a 
continuous  increase  and  on  the  suction  side  this  is  reversed  into  a  decreasing  Nusselt  number  after  about 
half-way  the  contour  length. 
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■<t  nMes  ( "shover" )  at  the  pressure  and  suction  side;  i.e.,  the  --.o', 
r  sices  place  by  .  npi  ngeme-r  ~nr>;  mg.  ft  has  t-o  He  noted  that  the  -.■>.- 1 
the  d  i  re  - 1 1  ••■-  ,-.f  the  .nter  air  flow.  The  Made  temperature  is  the  de 
issessment,  rv.vever,  will  require  the  relating  of  this  temperature  t 
:i  lids  involved.  If  the  Made  weren't  moled  in  any  way  and  produced 
:i .  t  e  nigh  thermal  resistance,  the  blade  surface  would  adopt  the  adi 
given  total  temperature,  it  is  a  function  of  static  pressure  and  rer 
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it  can  be  adapted  to  the  turbine  and  constitutes  an  analysis  of  the  cooling  sys-em  -harac ter i sr i  s:  The 
lower  the  blade  tempe  rature  T.^,  and  the  higher  ^  and  j ,  the  smaller  will  he  H  ^  and  r.ne  net  rer  we 
final  *o«Ming  efficiency.  Thus,  H  .  ”  100  Z  means  incooled  and  H  *01  cooled  to  -holing  air  inlet  rempe- 
rature  n lades. 

Fig.  7  shows  the  degree  of  cooling  for  two  degrees  of  turbulence  spread  over  the  relative  length  and  with 
respect  to  an  early  state  of  development  of  the  cooling  insert  (type  A),  allowing  an  uneven  distribute  o 
of  the  cooling  air  at  pressure  and  succion  side  as  well  as  high  temperature  differences  within  the  Made 
material.  The  cooling  air  mass  fLow  increases  starting  from  zero  in  two  steps  whereas  the  degree  ,*jf  coo¬ 
ling  decreases  accordingly.  With  missing  cooling  air,  H  ^  won't  be  continuously  100  Z  hut  due  to  the  tem¬ 
perature  equalization  within  the  blade  and  the  thermal  losses  to  the  blade  internal  it  will  he  somewhat 
smaller.  The  influence  of  the  degree  of  turbulence  becomes  clearer  than  in  case  of  the  determination  of  Xu 
(fig.  4),  i.e.,  especially  on  the  pressure  side  where  the  laminar  boundary  layer  is  approaching  the  blade 
center  in  case  of  small  Tu. 

Fig.  3  cites  examples  of  further  developed  stages:  the  suction  side  gap  between  blade  and  cooling  insert 
has  been  sealed  near  the  leading  edge.  The  type  B  doesn't  include  holes  in  the  front  edge  of  the  insert 
but  only  showers  by  various  hole  arrangements  at  the  pressure  and  suction  side.  The  positions  of  sealing  and 
showers  have  been  identified  in  Che  fig.  Type  C,  D  and  E  illustrate  the  cooling  inserts  with  stepwisely 
enlarged  holes  in  the  front  edge.  The  variation  of  the  cooling  degree  leads  to  rhe  conclusion  that  the  blade 
gets  cooled  increasingly  more  uniform. 


3.  COMPARISON  OF  MEASURED  AND  THEORETICAL  HEAT  TRANSFER  COEFFICIENTS 

Ir  case  of  a  simple  flow  of  cooling  air  in  the  gap  between  blade  and  cooling  insert  and  known  cooling  mass 
fl  >ws,  the  calculation  of  the  internal  heat  transfer  coefficient  will  be  quite  safe.  From  this,  the 
measured  wall  temperature  distribution  and  the  known  thermal  conductivity  in  the  blade,  the  external  neat 
transfer  coefficient  will  be  calculated.  Fig.  9  shows  its  variation  across  the  contour  length  for  two 
degrees  of  turbulence.  In  case  of  small  Tu  there  is  a  definite  laminar  boundary  layer  at  the  pressure  side 
similar  to  fig.  7.  Assuming  a  fully  turbulent  and  laminar  boundary  la-er,  the  relations  of  heat  transfer 
at  a  flat  plate  may  be  applied  to  the  blade  profile  velocity  distribution.  The  heat  transfer  coefficients 
gained  in  such  a  way,  have  been  included  in  fig.  9,  too.  It  is  to  be  recognized  that  at  nearly  all  points 
me  turbine  flow  exhibits  a  higher  heat  transfer,  even  in  case  of  a  very  small  degree  of  turbulence, 

Tu  a.l  T,  than  the  laminar  flow  according  to  the  mentioned  theoretical  set  up  and  that  the  theoretical 
values  of  a  fully  turbulent  flow  can’t  be  achieved  in  case  of  the  not  too  high  degree  of  turbulence 
Tu  *31. 


9.  COMPARISON  OF  TEMPERATURES  MEASURED  IN  TEST  AND  AT  TURBINE 

Finally  there'll  be  a  comparison  between  a  temperature  distribution  calculated  from  experiments  and  applied 
to  the  turbine  and  those  blade  temperatures  measured  in  the  turbine.  For  this  purpose,  2  blades  equipped 
with  thermocouples  were  installed  in  a  unit.  As  expected  those  tests  applying  Tu  “  3  I  represent  rhe 
actual  temperature  disr  ri  hut  ion  toa  bet  ter  extend  than  those  with  Tu  *  •  1  Z  which  have  been  analyzed  also  for 
reasons  of  comparison.  The  temperature  level  is  comparably  low  though  the  share  of  cooling  air  at  the  mass 
flow  as  a  whole  amounts  to  about  1  %  only;  these  are  reserves  for  further  increases  in  the  turbine  inlet 
temperature.  The  positive  forecast  of  the  blade  temperature  based  on  the  experimental  results  has  been  a 
confirmation  of  our  philosophy  and  gives  sense  to  future  investigations  -  within  the  mentioned  limits. 
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Figure  1.  Blade  cooling  test  bed. 

1  -  Test  section,  2  -  Diffuser,  3  -  Settling  chamber. 
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Figure  2.  Stator  blade  measuring  range,  opened. 


Pressure  side 


Sutton  side 


* ’  '»S 


Section  A-A 


Figure  6.  Model  blade  cooled  as  in  reality. 

1  -  Thermocouple,  2  -  Pressure  measuring  bore,  3  -  Pressure  measurement 
A  -  Temperature  weeeureaent,  5  -  Cooling  air  inlet,  6  -  Packing, 

7  -  Cooling  air  outlet,  8  -  Sheet  metal  insert,  9  -  Measuring  point 
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DISCUSSION 


D  K.Hennecke.  (*• 

In  your  Figure  4  the  leading  edge  Nusselt  numbers  are  relatively  low  compared  to  the  rest  of  the  blade  surface  Is 
this  a  peculiarity  of  your  particular  blade  or  is  your  measuring  technique  not  fine  enough  to  resolve  the  leading 
edge  region  ’  Have  you  compared  the  measured  Nusselt  numbers  at  the  leading  edge  to  theoretical  ones  for  .in 
equivalent  cylinder  in  cross-flow'1 

Author's  Reply 

We  think  the  low  measuremement  of  Nusselt  number  at  the  leading  edge  arises  because  the  stagnation  region  covers 
only  a  small  portion  of  the  leading  edge  element.  The  integral  value  of  heat  transfer  over  the  element  is  therefore 
low  compared  to  the  peaked  stagnation  level.  (In  the  ease  of  the  rotor  blade  with  its  greater  inlet  radius  we  found  a 
higher  Nusselt  number  at  the  leading  edge.  Figure  5.)  Were  it  neeessary  to  obtain  the  Nusselt  number  distribution  in 
more  detail  one  would  have  to  use  smaller  cooled  elements. 

The  comparison  between  our  measured  values  and  the  theoretical  ones  for  a  cylinder  is  of  doubtful  validity  because 
of  the  different  velocity  distributions  for  the  two  cases. 


G.Kappler.  Ge 

You  presented  results  of  heat  transfer  measurements  at  low  and  high  levels  of  turbulence  the  highest  degree  of 
turbulence  being  i%.  The  degree  of  turbulence  in  an  engine  is  however  above  10%.  Latest  tests  at  MTU  at 
Tu  =  11%  have  shown  a  dramatic  change  of  heat  transfer  conditions,  especially  on  the  suction  side  of  the  blade, 
when  compared  to  our  results  at  Tu  =  4%.  Do  you  have  test  experience  at  degrees  of  turbulence  above  3%,  or  do 
your  model  predictions  encompass  true  engine  conditions,  that  is,  highly  turbulent  flow? 

Author’s  Reply 

In  our  gas  turbines  with  a  relatively  long  distance  between  combustion  chamber  and  turbine  inlet,  we  think  the 
degree  of  turbulence  isn’t  as  high  as  you  measured  in  your  turbine.  Nevertheless,  it  is  foreseen  to  raise  the 
turbulence  level  in  our  tests  in  order  to  see  the  further  dependence  of  the  heat  transfer  coefficient  on  the  degree  of 
turbulence. 


E.Covert,  US 

(1 )  Is  the  turbulence  isotropic  or  anisotropic? 

(2)  Have  you  considered  the  problem  of  modelling  anisotropic  turbulence  of  the  kind  encountered  in  real  flows? 

Author’s  Reply 

(1 )  The  given  values  of  the  degree  of  turbulence  refer  to  the  isotropic  turbulence. 

(2)  Yes,  we  considered  this  problem.  However,  up  to  now  we  have  hardly  any  information  about  structure  and 
degree  of  turbulence  at  the  turbine  inlet  in  our  turbines.  Therefore  we  decided  to  start  our  tests  with  this 
simple  kind  of  turbulence.  At  the  same  time,  we  are  trying  to  get  further  information  about  the  turbulence  by 
means  of  measurements  in  our  turbines. 
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SUMMARY 

The  paper  describes  the  new  hot  cascade  tunnel  developed  to  extend  turbine  resear-h 
at  VKI  to  heat  transfer  studies.  It  is  based  on  a  free  piston  compressor  of  1  m  in  diameter 
and  5  meters  in  length  with  a  test  section  of  100  mm'250  mm  compatible  with  an  existing 
ambient  temperature  blowdown  cascade  tunnel  at  VKI.  Some  typical  results  an  heat  transfer 
and  film  cooling  from  the  first  1200  tests  are  described. 

1 .  INTRODUCTION 

Historically,  the  one  gas  turbine  engine  component  which  has  presented  few  problems 
and  anx i e t i es has  been  the  turbine.  However,  requirements  for  higher  specific  power,  higher 
efficiency,  longer  blade  and  disc  life  and  reduced  weight  dictated  turbines  with  higher 
turbine  inlet  temperatures ,  minimization  of  the  losses  and  improved  prediction  methods. 

The  high  temperatures  made  necessary  the  introduction  of  optimized  cooling  concepts  which 
in  turn  introduced  the  need  for  a  good  prediction  method  for  the  temperature  and  flow  fields. 
Furthermore,  the  high  temperatures  cause  the  operational  life  of  the  blades  and  discs  to 
be  shortened  drastically  and,  hence,  the  need  for  an  accurate  stress  analysis  that  could 
lead  to  the  prediction  of  this  life,  has  arisen.  A  thermal  stress  analysis,  however,  re¬ 
quires  a  good  knowledge  of  the  thermal  field  and  the  heat  transfer  rates  across  the  blade 
passage  walls. 

It  is  with  these  requirements  and  expectations  of  support  of  future  research  in  mind 
that  the  von  Karman  I  ns  t  i  tu  te  eriba  rked  upon  the  construction  of  a  heated  flow  facility 
which  would  enable  fundamental  and  conf i gura t i ona 1  measurements  of  heat  transfer  on  models 
of  various  turbine  components  to  be  generated.  The  measurements  then  would  be  used  to  test 
developing  prediction  methods  or  to  provide  data  for  designers  on  specific  conf i gu ra t i ons . 

It  was  decided  to  use  the  short  duration  slow  piston  compression  concept  as  conceived  by 
Oxford  University  to  generate  the  heated  flow.  After  gaining  experience  in  this  type  of 
piston  facility  with  a  small  converted  calibration  shock  tube  (designated  tunnel  C T 1 ) ,  a 
large  heated  flow  cascade  tunnel,  CT2,  was  designed  and  built.  This  facility  as  described 
in  this  paper  is  similar  in  many  respects  to  the  Oxford  University  cascade  tunnel  des¬ 
cribed  fully  in  reference  1  and  indeed  the  design  benefited  from  discussions  with  the 
authors  of  this  latter  publication. 

The  particular  area  of  heat  transfer  measurements  which  was  aimed  at  studying  in 
building  the  tunnel  was  the  effect  of  the  three  dimensional  secondary  flows  on  heat 
transfer  on  blades  and  end-walls,  with  and  without  film  cooling.  In  order  to  build  up  the 
measurement  techniques  and  to  test  computer  codes  then  simpler  two  dimensional  channel 
flows  were  also  examined.  The  paper  contains  a  review  of  the  work  carried  out  to  date. 

2.  THE  VKI  CT2  HOT  CASCADE  TUNNEL  AND  INSTRUMENTATION 

2 . 1  General 

The  short  duration  cascade  tunnel  uses  the  isentropic  light  piston  tunnel  concept 
developed  by  Jones  et  al.  (Ref.  2).  It  is  based  on  isentropic  compression  heating  of  the 
test  gas  in  a  tube  to  moderate  temperatures  by  a  light  weight  piston,  whose  path  during  the 
running  time  is  controlled  by  "marching"  volume  flow  rates  into  and  out  of  the  tube.  This 
feature,  which  had  not  been  previously  explored,  has  been  shown  to  provide  during  this 
time  relatively  constant  conditions  with  superimposition  of  only  small  fluctuations  due 
to  interaction  of  the  finite  weight  piston  and  unsteady  flow  effects.  Fast  operating 
valves  can  be  used  instead  of  diaphragms  to  initiate  a  test  thus  eliminating  the  time- 
consuming  operation  of  opening  the  tube  between  tests.  The  most  useful  feature  of  such  a 
tunnel  other  than  its  simplicity  of  construction  and  operation  is  its  producing  long 
running  times  (0.1-1  sec)  enabling  wider  scope  for  testing  techniques  than  in  shock  tun¬ 
nels.  Another  useful  feature  is  that  by  suitably  alternating  driver,  barrel,  "matching” 
and  dump  tank  pressures  any  pressure  and  temperature  condition  within  the  available  range 
of  conditions  could  be  achieved  in  the  test  section. 

A  number  of  factors  controlled  the  design  of  the  VKI  tunnel.  The  main  feature  was 
that  the  test  section  would  enable  a  straight  cascade  of  turbine  blades  to  be  tested  and 
that  this  should  have  similar  dimensions  and  fitments  to  an  existing  ambient  temperature 
compressible  flow  cascade  tunnel  (designated  C3)  of  dimensions  250  mm*10Q  m  such  that  one 
model  could  be  used  for  both  heat  transfer  and  aerodynamic  studies.  The  total  pressure 
contained  by  the  test  section  would  be  7  bars  which  with  a  nominal  maximum  flow  temper¬ 
ature  of  600  K  and  the  size  of  model  at  room  temperatures  which  could  be  fitted  in  the 
tunnel,  would  be  sufficient  to  simulate  Mach  numbers,  Reynolds  numbers  and  wall-to- 
recovery  temperature  ratios  typical  of  projected  advanced  turbine  concepts.  The  running 
time  should  not  be  less  than  0.1  sec  over  the  range  of  conditions  and  model  sizes  avai¬ 
lable.  The  tunnel  should  use  the  copious  compressed  air  supply  available  at  7  bar,  40  bar 
and  250  bar  levels  and  be  contained  in  an  available  room  of  10  m  length.  Instrumentation 
costs,  which  for  short  duration  tunnels  are  high  (one  disadvantage  of  such  facilities), 
would  be  kept  to  a  minimum  by  using  equipment  available  to  the  VKI  Longshot  heavy  piston 
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hypersonic  tunnel  and  assuming  f  jIu'c  equipment  acquis  i  tio's  «oul  d  ft?  sra'»d  “./  *wft 

facilities,  'he  tunnel  and  its  ancillan/  equipment  mould  be  designed  sue*  fat  f.e  •*■ « imj* 
time  mould  oe  needed  to  turn  round  tne  tunnel  between  tes“s.  and  fat  it  mould  ae  ;.i'r 
and  easy  to  use  fty  postgraduate  students  mitn  tfte  minimum  of  support  personnel.  des’jr 

incorporated  features  used  in  tne  '.afprl  .nivensit  not  cascade  tunnel  ip‘  ; 
starting  up  operation  at  tie  time  a f  design  of  tne  v  <  !  tunnel. 

2  .  2  T  u  n  r  e  1  de  t_a_i  I  s 

Tne  result  of  Sucn  desigr  constraints  produced  a  compression  tube  of  1  meters  in  1 engf 
mitn  a  mac  mined  and  polisned  bore  of  1  meter  diameter  rn'icn  was  designed  to  mifstand 
pressures  of  40  oars  fig.  1  ;  .  This  "igb  pressure  mas  .elected  to  leave  an  option  open  to 
use  tne  compression  neater  at  a  later  date  for  kinetic  heating  studies  of  aircraft  and 
missile  configurations  at  nigh  speeds  mitn  a  suitably  different  test  section.  Tne  tube 
was  driven  directly  from  tne  Institute's  main  250  bar  air  supply  of  20  m  volume  by  means 
o*  a  3  inch  diameter  90  m  length  pipe  fitted  with  two  appropriately  placed  isolating  ball- 
valves,  a  pneumatically  controlled  starting  ball-valve  and  after  a  five-branch  manifold 
by  five  1  inch  ball  valves  one  of  which  is  in  parallel  with  a  specially  constructed  "carrot" 
regulating  valve.  The  latter  system  allowed  adjustment  of  the  throttled  area  of  compressed 
air  into  the  compression  tube  to  control  tne  "matching"  of  the  tunnel  during  the  running 
time.  The  ball-valves  were  fitted  with  special  high  temperature  resistant  seats  to  counter 
deteri ora t  ion  due  ‘3  gas  heating  caused  by  the  rapid  opening  of  upstream  valves  during  the 
pre-test  and  test  phases.  The  pneumatically  controlled  ball-valve  was  fitted  such  that  in 
the  event  of  a  compressed  air  failure,  the  valve  mould  stay  in  a  closed  position. 

The  specially  constructed  gate  valve  (Fig.  2)  which  was  used  to  start  and  stop  the 
heated  flow  from  the  compression  tube  to  the  test  section  was  initiated  with  precise 
tuning  at  a  threshold  point  of  the  rising  pressure  in  the  tube  using  a  pressure  transducer 
iming  unit  and  a  perspex  tube,  propping  a  piston  acted  on  by  compressed  air,  which  is 
disintegrated  by  a  detonator  in  the  same  way  as  described  in  reference  2.  The  gate-valve 
itself  was  slightly  wedge  shaped  to  allow  good  setting  when  the  valve  was  closed  but  small 
friction  during  the  valve  opening.  Despite  the  high  accelerations  imposed  upon  the  valve 
and  its  mechanisms  during  the  opening  time  of  around  40  milliseconds,  it  has  withstood  over 
a  thousand  tests  without  damage. 

The  piston  is  designed  to  a  minimum  weight  consistent  with  its  structural  integrity 
to  withstand  the  striking  of  the  downstream  wall  of  the  tube  at  the  end  of  the  test  and 
the  rigidity  to  slide  freely  down  the  tube.  The  piston  skirt  is  constructed  of  rolled 
aluminium  sheet  with  aluminium  stiffening  annula  at  both  ends  which  also  acts  as  guides 
for  impregnated  nylon  bands  used  as  piston  ring  seals.  To  the  front  annulus  is  attached  an 
aluminium  honeycomb  sheet.  The  final  weight  was  27  kg.  Because  of  toe  finite  weight  of 
the  piston,  low  frequency  fluctuations  in  pressure  are  created  due  to  the  oscillation  of 
the  piston  after  its  rapid  acceleration  on  gate  valve  opening.  So  far  no  compensator 
mechanism,  as  has  been  described  in  reference  2,  has  been  fitted  to  alleviate  the  effects 
of  piston  oscillation,  since  it  has  been  found  in  practice  that  their  presence,  although 
making  data  reduction  difficult,  for  the  tests  carried  out  so  far,  have  been  of  such  low 
oscillation  and  amplitude  that  the  flow  can  be  considered  quasi  steady.  Furthermore,  the 
instrumentation  has  closely  followed  their  variations.  The  problem  becomes  more  evident 
at  low  pressure  operating  conditions. 

Cascades  of  blades  with  a  vertical  height  of  250  mm  and  a  span  of  100  mm  can  be  fitted 
into  the  test  section  (Fig.  3)  which  itself  is  capable  of  withstanding  pressures  up  to  7 
bars.  The  upper  and  lower  walls  can  be  adjusted  vertically  through  screw  jacks  to  allow 
simple  fitting  of  cascade  models  with  smaller  vertical  height.  To  allow  simple  model  in¬ 
stallation  and  easy  model  access,  the  whole  of  one  side  of  the  test  section  acts  as  a  door 
held  on  vertical  hinges.  Instrumentation  and  the  leads  from  the  instrumentation  are  usually 
fixed  in  or  taken  out  of  the  opposite  fixed  wall.  On  each  side  of  the  test  section  two 
large  circular  ports  are  positioned  encompassing  the  region  of  the  cascade  models.  For 
channel  flow  studies,  a  special  insert  can  be  placed  within  these  ports  and  is  designed 
in  such  a  way  that  access  can  be  obtained  to  horizontal  test  surfaces.  The  flow  downstream 
of  the  test  section  is  dumped  in  a  tank  of  approximately  5  m3  located  below  the  test 
section . 

For  film  cooling  tests,  four  independent  coolant  injection  systems  are  available  which 
can  deliver  gas  at  constant  chosen  plenum  chamber  pressures.  Two  of  the  systems  can  deliver 
gas  at  temperatures  approximately  40°  above  and  below  ambient  temperature.  Standard  gas 
bottles,  filled  from  the  40  bar  compressed  air  supply,  are  used  to  provide  a  constant 
pressure  supply  at  typical  flow  rates  over  a  period  of  1  second.  Solenoid  valves,  operated 
to  open  at  a  pre-set  time  before  a  test,  are  used  to  initiate  the  coolant  flow.  Flow  rate 
is  calculated  using  appropriate  critical  flow  formulae  from  the  pressure  and  temperature 
measured  upstream  of  a  round  edged  orifice  of  known  effective  area  which  is  ensured  to  be 
choked  during  the  test  period  and  placed  as  close  as  possible  to  the  coolant  plenum  chamber. 
Coolant  flow  temperature  is  changed  by  passing  the  gas  through  regenerative  heat  exchangers 
constructed  of  25  mm  pipe  of  250  mm  length  filled  with  discs  of  fine  brass  gauze,  which 
have  initially  been  heated  or  cooled  by  passing  air  through  copper  spiral  colls  Immersed 
in  a  bath  of  heated  oil  or  alcohol  and  solid  carbon  dioxide.  More  details  of  the  system 
are  given  in  reference  3. 

Because  of  the  dangers  of  handling  large  air  flow  rates  at  high  pressures  in  limited 
volume  pressure  vessels  of  different  structural  integrity, a  number  of  safety  systems  were 
built  Into  the  system,  the  ultimate  of  which  were  safety  diaphragms  on  each  pressure  ves¬ 
sel.  Before  these  would  operate  (breaking  of  these  diaphragms  could  cause  the  loss  of  the 
complete  Institute  compressed  air  supply,  thus  interrupting  the  operation  of  other  wind 
tunnels  and  services)  other  safety  features  were  Incorporated  including  pressostats  which 
would  closed  down  the  main  valve  and  the  gate  valve  on  achieving  a  preset  pressure,  and 
time  delays  which  would  likewise  act  after  a  selected  period.  Operation  of  the  tunnel  was 
only  possible  If  all  the  valves  were  set  in  their  correct  positions  and  a  panel  light 
indicated  when  the  tunnel  was  in  this  correct  firing  mode.  The  tunnel  was  operated  by 


means  of  a  push  Dutton,  however,  another  button  sited  distantly  nad  to  be  pressed  to  a  -n 
the  detonator,  to  prevent  accidental  firings.  The  tunnel  operation  would  immediately  stop 
and  pressurised  parts  of  the  tunnel  bled  to  atmosphere  if  the  fire  uut*cms  were  released 
Furthermore,  the  tube  pressure  was  visually  monitored  by  a  bourdon  gauge  to  keep  track  o' 
progress  of  the  compression  cycle. 

The  tunnel  control  system  was  designed  at  the  outset  to  synchronise  events  including 
operation  of  the  tunnel,  the  safety  devices  mentioned  above,  coolant  flow  injection, 
recording  instrumentation,  etc.  On  pressing  the  fire  button  the  ma  n  valve  opens  and  time's 
are  started  to  operate  a ppropr i a te 1 y  a  U.V.  recorder  and  the  automatic  shutting  down  o£ 
the  main  valve  after  tne  test  if  this  safety  feature  needed  bringing  into  action.  Tne 
output  from  a  pressure  transducer  (processed  so  as  to  not  exceed  1  volt)  is  connected  to 
the  control  system  and  three  triggers  were  operated  when  the  voltage  achieves  respectively 
three  threshold  valves  which  can  be  pre-set  by  means  o'  potenti ometers .  These  triggers 
tl.emselves  operated  the  detonator  and  coolant  injection  but  also  delayed  triggers  operating 
oscilloscopes,  a  data  acquisition  system,  schlieren  spark,  main  valve  shutdown  and  tube 
and  tunnel  venting,  compensator  for  coolant  system  and  compensator  to  reduce  pistun  oscil¬ 
lation. 

2 . 3  1  ns  trumenta  ti on 

The  tube  pressure  is  measured  with  a  Validyne  type  DP15TL  variable  reluctance  differ¬ 
ential  transducer,  which  gave  the  stability  and  accuracy  to  provide  a  reliable  input  into 
the  control  system  of  the  tunnel.  These  and  inexpensive  National  Semiconductor  differen¬ 
tial  transducers  with  built-in  integrated  circuit  amplifiers  were  used  to  measure  model, 
coolant  plenum  chamber  and  flow  measurement  pressures.  A  resistance  linear  transducer  of 
100  mm  travel  was  used  to  monitor  the  opening  motion  of  the  gate  valve. 

Heat  transfer  rates  are  measured  using  standard  thin  film  platinum  resistance  tnermo- 
meters  brush  painted  on  pyrex,  quartz  or  Macor  mashinable  ceramic.  These  thermometers  are 
used  in  conjunction  with  a ppropr i a te 1 y  designed  analogue  circuits  to  give  outputs  directly 
proportional  to  heat  transfer  rate. 

Main  stream  flow  temperatures  are  measured  using  fine  tungsten  wires  (5-10  j»)  as 
equilibrium  temperature  probes.  The  temperature  is  assessed  from  the  change  in  resistivity 
of  the  wire  during  the  test,  and  this  value  is  corrected  for  conduction  end  losses  to  the 
wire  supports,  and  radiation  losses  (Ref.  4).  Response  times  of  less  than  1  msec  are 
achieved  and  because  of  this  the  technique  has  a  great  advantage  over  others  in  that  any 
subtle  disturbances  away  from  that  expected  can  easily  be  detected. 

Coolant  flow  temperatures  in  the  plenum  chamber  and  before  the  calibrated  orifices 
were  measured  using  20  urn  ch rome 1 -a  1 ume 1  thermocouples  with  cold  junctions  immersed  in  a 
ba th  of  melting  ice. 

External  turbulence  could  be  generated  by  a  grid  of  parallel  horizontal  bars  in  the 
test  section  (Fig.  3).  The  bars  have  a  diameter  of  3  mm  and  are  9  mm  apart  giving  a 
solidity  of  0.33,  these  values  had  been  chosen  using  classical  correlations  available  in 
the  literature.  With  such  a  grid,  different  turbulent  intensities  may  be  generated  b/ 
placing  it  at  different  streamwise  positions  upstream  of  the  test  section.  The  turbu.ence 
intensity  was  measured  using  a  V K I  manufactured  constant  temperature  anemometer  with  a 
frequency  response  up  to  15  kHz  and  recorded  on  the  V K I  fast  on-line  data  acquisition 
system.  The  probe  consisted  of  a  9  urn  diameter  tungsten  wire  with  an  active  length  of  1  mm. 
At  a  Mach  number  of  0.2  and  total  temperature  of  43u  K,  which  enabled  satisfactory  overheat 
ratios  to  be  obtained,  the  signals  were  analyzed  using  2500  data  points  over  a  test  period 
of  100  msecs  (i.e.,  sampling  rate  of  25  kHz).  Temperature  fluctuations,  evaluated  by 
varying  the  overheat  ratio,  were  found  to  be  of  the  order  of  0.2%.  Analysis  of  the  velocity 
fluctuations  showed  that  without  the  grid,  the  turbu1»nce  level  was  found  to  be  between 
0.9%  and  1.2%.  Depending  In  the  position  of  the  grid,  turbulence  levels  from  2%  to  5.9% 
were  measured  at  the  normal  model  leading  edge  position. 

Early  in  the  use  of  the  tunnel  signals  were  recorded  using  12  channels  on  oscilloscopes 
singly  triggered  witn  the  trace  recorded  on  Polaroid  film,  and  12  channels  on  L) V  oscil¬ 
lographs  with  speeds  up  to  256  cm/sec.  Galvanometers  with  response  times  up  to  5  kHz  are 
available  and  sufficient  for  most  purposes.  The  initiation  of  the  operation  of  these  in¬ 
struments  is  carried  out  by  the  control  system  as  described  earlier. 

More  recently,  the  recording  capability  has  been  enhanced  through  the  use  of  the  In¬ 
stitute's  16  channel  50  kHz  on-line  data  acquisition  system.  The  system,  developed  within 
the  Institute's  electronics  department  is  based  around  a  Date!  a-to-d  converter  with  a 
16  channel  multiplexer.  Signals  are  conditioned  to  have  values  between  t2.5  V  and  filtered 
to  a  frequency  less  than  a  third  of  the  sampling  rate.  Sample-and-hold  devices  are  used  to 
synchronize  the  signals.  The  output  from  the  converter,  a  12  bit  parallel  word  is  serial¬ 
ized  to  allow  transmission  through  a  single  cable  to  a  centralized  PDP11/34  computer.  Here 

the  signal  is  de-seria 1 1  zed  and  the  signal  passed  to  the  main  computer  core  memory  through 

a  direct  memory  access  module.  The  system  was  fuilt  to  be  adaptable  to  a  number  of  dif¬ 
ferent  facilities.  For  tunnel  CT2,  software  was  developed  to  cope  with  the  particular 
data  reduction  problems  required  for  this  system.  Generally,  the  extra  sixteen  channels 

provided  by  the  data  acquisition  system  were  used  to  record  the  signal  from  the  tube  pres¬ 

sure,  the  linear  transducer  fixed  to  the  gate  valve  (used  *or  synchronization)  and  four¬ 
teen  heat  transfer  measurements,  although  in  some  experiments,  pressures  were  monitored 
at  the  expense  of  heat  transfer  measurements. 

The  data  analysis  procedure  allowed  initially  a  quick  look  at  the  raw  data  on  a  gra¬ 
phical  display  (particular  traces  could  be  recorded  on  a  digital  X-Y  plotter).  If  the  data 
was  found  to  be  acceptable  then  the  raw  data  was  transferred  to  a  floppy  disc.  Before  each 
run,  a  run  data  sheet  was  entered  into  the  disc.  This  was  achieved  by  firstly  displaying 
a  previous  run  sheet  on  a  visual  display  unit,  and  updating  appropriate  quantities.  Cali¬ 
bration  Information,  of  which  the  Meat  transfer  analogues  and  amplifiers  Is  carried  out 
on  the  data  acquisition  system  Itself,  such  as  voltage  across  a  gauge,  transducer  cali¬ 
bration,  etc.,  are  entered  on  a  calibration  sheet.  Appropriate  data  reduction  programs 
were  then  developed  to  analyze  the  data,  and  presented  It  In  a  printed  or  plotted  form. 


O  T1 
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3  .  R E V  !  £ M  o F  _S OWE  J  XP E  RJ_M E  N TS 

A  variety  of  experiments  have  been  carried  out  in  tne  snort  duratiflr  rj;  'ascade  tun¬ 
nel,  covering  over  1200  tests  to  date,  initially  of  a  fundamental  nature  on  channel  'lows 
to  build  up  a  picture  of  the  separate  parameters  affecting  tne  heat  trans'e  to  turbine 
blades,  and  to  developing  the  most  suitable  method  for  generating  film  cooling  effective  res 
data  n  short  duration  facilities.  The  work  has  proceeded  on  to  measurement  of  heat  trans¬ 
fer  rate  on  nigh  flow  turning  rotor  blades,  and  on  end  walls  of  inlet  guide  vanes.  Tris 
work  nas  provided  the  background  experience  necessary  to  tackle  tne  extensive  project 
work  of  a  configurational.hence  prpprietary.nature  of  film  cooling  of  end  walls  with  strong 
secondary  flows  carried  out  Out  not  reported  in  this  paper.  Three  areas  of  research  have 
been  selected  for  further  description  as  follows. 

3.1  FI  a  t  pj a  te  heat  transfer 

This  study  was  initiated  to  provide  experimental  heat  transfer  data  obtained  under 
well  controlled  and  measured  conditions  simulating  parameters  encountered  in  a  real  machine 
(Reynolds  number,  wa 11  -  to- recove ry  temperature  ratio,  turbulence  intensity).  The  effects 
of  strong  favourable  pressure  gradient  and  different  externa  turbulence  intensities  were 
studied;  consequently,  a  simple  flat  plate  model  was  used  (Fig.  *  )  .  Results  of  various 
prediction  methods  could  then  be  compared  with  the  experimental  data.  The  results  in  full 
are  given  in  reference  5. 

For  M  =  0.20  and  0.28,  laminar  heat  transfer  measurements  in  zero  pressure  gradient 
agreed  we' 1  with  the  reference  temperature  of  Eckert.  Transition  was  found  to  advance  from 
Re  =  250,300  at  15  turbulence  level  to  100,000  at  3.65  turbulence  in  agreement  with  usual 
corre 1 ati ons .  At  Rex  =  S'10',  a  change  in  turbulence  level  from  15  to  65  caused  an  increase 
of  605  in  heat  transfer  which  could  not  be  ascribed  to  transition.  After  transition  it  is 
found  that  free  stream  turbulence  has  little  effect  on  heat  transfer  rate  and  that  good 
agreement  was  found  with  the  semi -empi r i ca 1  theory  of  Spalding  and  Chi. 

To  create  a  pressure  gradient,  the  upper  uninstrumented  wall  was  contoured  to  provide 
a  strongly  accelerated  boundary  layer  typical  of  the  aft  part  of  the  pressure  surface  of 
a  turbine  blade.  Heat  transfer  in  laminar  flow  achieved  by  operating  at  low  tunnel  pres¬ 
sures  was  found  to  be  increased  by  turbulence  up  to  3.65,  without  any  evidence  of  transi¬ 
tion, which  was  assumed  to  be  held  off  by  the  pressure  gradient  (Fig.  6).  Agreement  with 
a  numerical  solution  developed  using  the  Spa  1 d i ng- Pa ta nka r  scheme  gave  good  agreement  with 
the  experimental  results.  At  65  turbulence,  transition  was  however  caused,  but  the  trends 

indicated  that  1  ami nari za ti on  set  in  when  the  pressure  gradient  parameter  K  =  — — 
achieves  a  value  of  2*10~6.  ouJ  dx 

For  the  turbulent  boundary  layer  in  a  favourable  pressure  gradient,  it  was  again  found 
that  free  stream  turbulence  had  little  effect  on  the  heat  transfer  rate  (Fig.  7).  Fortui¬ 
tously,  it  is  found  that  Spalding  &  Chi  (a  zero  pressure  gradient  theory)  provides  good 
agreement  with  the  measurements  if  applied  segmentally.  Integral  solutions  by  Gauntner  and 
Sucec  (Ref.  6)  and  finite  difference  methods  such  as  the  one  equation  Bradshaw  et  al. 
method  (Ref.  7)  and  a  mixing  length  program  based  on  the  Spa  1 d i ng- Pa ta nka r  (Ref.  8) 
numerical  procedure  failed  to  give  good  agreement  with  the  experiments.  It  is  evident  that 
more  sophisticated  modeling, for  example  the  k-r  model, should  be  used. 

3 . 2  Heat  transfer  on  the  end  wall  of  a  cascade 

The  cascade  used  in  this  study  (described  in  more  detail  in  reference  9)  was  based  on 
the  hub  section  of  a  blade  designed  by  NASA  (Ref.  10)  for  a  high  temperature  design.  The 
cascade  geometry  was  as  follows  ;  60  mm  chord;  43.5  mm  pitch;  -42.6°  stagger  angle;  100 
and  90  mm  blade  height;  and  0°  inlet  air  angle.  There  were  6  blades  giving  5  passages 
(Fig.  3).  Heat  transfer  measurements  were  taken  on  one  end  wall  with  the  help  of  thin 
film  platinum  resistance  sensors.  To  provide  densely  spaced  measurements,  gauges  (on  the 
polished  ends  of  3.2  mm  in  diameter  quartz  rods)  were  fixed  on  circular  discs  of  perspex 
which  were  Inserted  in  the  end  wal".  and  could  be  rotated.  Pressure  measurements  were  made 
on  the  sidewall  upstream  and  downstream  of  the  cascade.  A  turbulence  grid,  similar  to  that 
described  in  the  previous  study  was  available  to  alter  the  level  of  turbulence  at  the  cas- 
case  inlet.  The  boundary  layer  at  the  inlet  of  the  cascade  could  be  changed  by  the  use  of 
a  boundary  layer  suction  slot  located  100mm  upstream  of  the  blade  leading  edge.  In  both 
configurations  the  state  of  the  boundary  layer  at  the  entry  to  the  blades  is  turbulent. 

The  flow  total  pressure  and  the  temperature  during  the  test  was  1.83  bars,  and  390  K. 
The  static  pressure  at  the  inlet  of  the  cascade  was  1.76  bars  giving  a  local  Mach  number 
of  0.24.  The  downstream  static  pressure  was  1.14  bars  corresponding  to  an  exit  Mach  number 
equal  to  0.85.  The  corresponding  Reynolds  number,  based  on  the  chord,  upstream  and  down¬ 
stream  of  the  blade  row,  were  0.40x10s  and  1.08«106  respectively.  The  test  time  was  850 
msecs,  shutter  opening  time  20  msecs  and  the  flow  was  completely  established  after  40  msecs 

The  results  of  oil  flow  visualization,  created  by  placing  oil  dots  on  the  surface  of 
the  end  wall  Illustrated  that  flow  periodicity  was  achieved  and  demonstrated  the  extent 
of  the  cross  flow  of  the  surface  streamlines  caused  by  the  transverse  pressure  gradient 
between  the  walls. 

More  than  120  heat  transfer  measurements  were  recorded  during  each  of  the  test  series. 
From  these  measurements,  constant  heat  transfer  lines  were  drawn.  An  example  of  the  heat 
transfer  distribution  Is  shown  In  figure  8.  It  Is  found  that  a  low  region  of  heat  trans- 


f  er  is  found  upstream  and  between  tne  shades,  '•ejecting  tr  eg’  on  in  »r-c"  fe 
speed  flow  is  found  combined  *  i  tn  t±e  ”■  -  •  «  »s  t  .  re  I  a  t  i  »e  1  y  sturseb  S'le  wall 

layer.  Low  neat  transfer  rates  are  also  encompassed  at  aro-id  lot  c n o r d  direct'/  jpsfeam 
Of  tne  leading  edge  corresponding  e'tn  tne  separation  points  of  t"e  upstream  53j"dar, 
layer. wnicti  is  tne  origin  of  tne  leading  edge  vortex.  Tne  nign  heating  dowrsfeam  j  ‘  "•  e 
leading  edge  on  tne  Suction  side  can  qe  attriouted  to  tne  rapid  increase  in  »ac-  njm.e' 
in  this  region. 

In  tne  passage  tne  neat  transfer  rate  increased  as  ejected  due  to  tne  inc'e->s'rg  “a :  * 
number.  At  about  1/3  of  tne  chord, tnere  commence  large  pitchwise  neat  transfer  races  „n--r 
can  be  attributed  to  secondary  flows,  'ne  primary  effect  .f  tne  secondary  f'o«  oenaviour 
is  for  the  low  energy  and  low  temperature  flow  adjacent  tu  tne  Surface  to  be  swep*  away 
exposing  the  surface  to  the  higner  energy  flow  resulting  in  enhanced  rates  near  the  pres¬ 
sure  surface. 

The  region  of  low  heating  rate  adjacent  to  tne  downstream  suction  sjf'act  .oin-ides 
with  the  accumulation  and  subsequent  separation  due  to  tne  presence  of  tne  blade,  t"is 
low  energy  fluid. 

The  changes  in  heat  transfer  rate  due  to  decreasing  tne  si/e  of  tne  inlet  boundary 
layer  is  to  provide  an  approximately  uniform  increase  of  tne  neat  transfer  rate  without 
altering  the  shape  of  the  distribution  of  the  iso-heat-transfer  lines.  Tne  effect  of  tur¬ 
bulence  seems  to  be  minimal,  as  may  nave  been  expected  from  tne  flat  plate  tests,  since 
the  incoming  boundary  layer  was  fully  turoulent.  Only  a  small  region  (about  3-4  measur¬ 
ement  points)  near  the  pressure  side  was  affected  in  that  the  heat  transfer  was  decreased 
by  20-30%  by  the  introduction  of  turbulence. 

Attempts  to  develop  prediction  methods  based  on  one  or  two  dimensional  approaches 
provided  only  ±50%  agreement  with  the  experiments,  indications  that  three  dimensional 
Navier-Stokes  solutions  should  be  sought. 


3 . 3  Film  cooling  of  flat  plates 

Film  cooling  has  been  used  and  is  increasingly  being  applied  for  cooling  various 
critical  components,  such  as  the  combustion  chamber  walTs,  inlet  guide  vanes  and  first 
row  rotorblades  to  the  core  turbine.  Short  duration  techniques  have  the  ability  to  provide 
useful  heat  transfer  data  inexpensively  and  under  well  controlled  conditions.  Nevertheless, 
the  type  of  data  obtained  has  been  criticized  when  it  is  presented  simply  in  the  form  cal¬ 
led  the  isothermal  effectiveness 
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where  qf  and  qr.  are  the  heat  transfer  rates  with  and  without  the  film. 

This  presentation  gives  no  Information  related  to  the  distortion  of  the  boundary  layer  by 
the  film,  usually  created  by  injection  through  inclined  holes,  which  would  tend  to  decrease 
the  effectiveness  Compared  to  the  hypothetical  case  of  a  perfectly  applied  film  which 
would  cause  no  modification  to  the  boundary  layer.  From  more  traditional  experimental 
methods  used  in  the  past,  designers  have  used  the  adiabatic  wai’  effectiveness 
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where  Trm  and  Trc  are  the  main  stream  and  coolant  recovery  temperature  and  Taw  is  the 
adiabatic  wall  temperature  of  the  cooled  layer,  i.e.,  the  temperature  the  wall  would 
achieve  If  the  flow  was  continued  for  an  infinite  time.  This  information  would  provide  the 
adiabatic  wall  temperature  which  could  provide  the  heat  transfer  through  the  equation 


qf  *  hf  (Taw~Tw>  <3) 

where  h*  is  the  film  heat  transfer  coefficient  and  Tw  the  wall  temperature.  In  the  past 
frequently  hf  has  erroneously  been  equated  to  the  heat  transfer  coefficient  h0  from  the 
equation 

Qo  *  h0  (Trm-y  (4) 


which  gives  the  heat  transfer,  q0  ,  without  film  cooling,  whereas  in  reality,  due  to  the 
distortion  of  the  boundary  layer,  especially  close  to  the  film  injection,  h0  *  hf.  The 
criticism  of  the  adiabatic  wall  approach  is  that  since  internal  convection  of  blades  is 
used,  the  blade  wall  temperature  more  closely  resembles  isothermal  than  adiabatic  condi¬ 
tions  in  practice. 

By  changing  wall  conditions  or  coolant  conditions  in  sequential  tests,  short  duration 
tunnels  can  provide  in  theory  data  which  can  resolve  this  dilemna  by  presenting  the  heat 
transfer  data  as  a  heat  transfer  coefficient,  h,  defined  as 


If 
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which  has  been  obtained  at  different  values  of  wall  or  coolant  temperatures  defined  by 
the  non  dimensional  coolant  temperature  parameter  : 
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From  plots  of  the  h/hf-ve  data,  the  use  of  the  relation  developed  from  equations  2,  3,  5 
and  6  suggests  a  linear  variation  of  h  with  9  : 


wo  i  ch  experimentally  can  pm  vide  assessments  of  "  *  and  -33  by  s  »  ■  t  an  '.  e  e  <  t  -3  50  ’  1  *  :.  ' 
tne  data  to  »  3  and  n  »  3  respectively  illustrated  in  *ijur*  j 

Careful  experiments  (described  in  reference  3  j  <ere  carried  0  ,  t  tp  a  s  :  e  r  t  -a  ’  r  *>< 

linearity  and  uniqueness  of  equation  6  by  cnanging  Bot”  fe  '',o'ar*  ird  <1  ’  I  temper  3  •  ■, 

also  determining  tne  degree  of  difference  between  *  f  3^3  r  ,  v  a '  u  a  r. '  e  ;  n  assessing  * « *' 
distortion  of  tne  ooundary  layer  By  tne  film  and  fence  its  effect  or  me  '»i!  'nr;'»'  ' a  •  e 
’ne  experiments  were  carried  out  at  a  total  pressure  of  3.3  cri,  a  total  *  r . ■»  r  3  * ■,  r  ■> 
of  38  7  K  and  a  Macn  number  of  3.64  giving  a  unit  Reynolds  'x»:e'  of  If,  per  w»r 

Tne  coolant  temperature  was  varied  from  253-365  *  a«d  tne  wa'l  temperature  *«-ow  ?  -3:.6  < 

-  relative  coolant  mass  flow  rate,  m,  used  was  3.6  5,  3.9  5  a r d  ‘..43, 

The  coolant  was  injected  through  two  rows  of  rotes  n‘  3.5  mm  1ame*er.  ;  5  mm  ajar* 
with  a  spanwise  spacing  of  1.0  mm  at  an  injection  angle  of  3  3  '  -e  in;  x>  *  -  -  • »  was 

4  mm  in  length  and  the  total  number  of  holes  was  153. 

By  plotting  values  of  n/n-  against  for  tests  performed  at  4  „a  1  ’  ri  4  •  -.-.u*; 

temperatures,  various  mass  injection  rates,  various  selected  positions  .I.-.*- ;  t  ream  •  ■*- 
jection  (even  for  "lift  off"  conditions  at  large  m  and  for  gauges  close  to  tne  ;-,B'art 
injection)  the  reliability  of  equation  7  in  representing  film  cooli-g  was  demonstrated 

(Fig.  10).  A  straight  line  can  Be  drawn  through  points  and  extrapolated  t 0  =  3  to  give 

hf/h  and  interpolated  or  extrapolated  to  obtain  -  •  -  l/-acj.  Most  of  the  results  generate", 
lay  on  straight  lines  within  the  small  normal  experimental  error,  ’his  confirms  tre  relia¬ 
bility  of  equation  7  and  proves  that  there  is  no  significant  influence  of  the  wall  or 
coolant  temperature  on  the  final  values  of  hf  and  -ad  assessed  by  this  method.  Botn  methods 
involving  a  variation  of  coolant  temperature  or  of  wall  temperature  lead  to  the  same  result 
so  that  any  of  these  can  be  used. 

Figures  11  and  12  present  the  variations  of  -,q  and  hf/n  thus  calculated  as  a  functi  .  n 
of  distance  from  injection  in  hole  diameters.  Effectiveness  is  shown  generally  to  decrease 
with  decreasing  and  increasing  distance  from  injection,  except  for  tne  highest  injection 
case  near  the  slot  when  the  relatively  low  injection  rate  demonstrates  lift  off.  The  depar¬ 
ture  of  a  film  cooled  layer  from  the  undisturbed  ooundary  layer  is  assessed  from  the  devia¬ 
tion  of  hf/h-.  from  unity.  It  can  be  seen  that  close  to  the  slot  hf/h-,  can  rise  considerably 
above  1  near  the  slot  indicating  the  high  mixing  characteristic  of  the  ooundary  layer  in 
this  region.  At  large  distances  from  the  slot  hf/h-  asymptotes  to  values  below  unity, 
indicating  that  the  flow  is  reverting  to  a  boundary  layer  behaviour,  but  in  a  thickened 
state.  It  is  interesting  to  note  that  the  highest  value  of  hf/h  achieved  was  2.6,  a  very 
large  deviation  from  the  assumption  often  used  andmentioned  earlier  that  hf  =  ft-  in  a 
fi lm  cooled  layer. 

These  latter  experiments  thus  provide  results  of  fundamental  usefulness,  and  justify 
the  use  of  short  duration  tunnels  in  providing  useful  film  cooling  data  for  the  more  com¬ 
plicated  configurations  required  by  designers. 

4.  CONCLUSIONS 

A  short  duration  hot  cascade  tunnel  using  the  isentropic  light  piston  tunnel  has  been 
designed  and  built  to  supplement  the  ambient  temperature  compressible  cascade  tunnels  at 
VKI,  to  extend  work  on  turbine  flows  to  heat  transfer  studies.  The  design  contraints, 
construction  and  features  of  the  tunnel,  its  operation  and  instrumentation,  are  described 
Examples  of  experimental  work  to  date,  including  heat  transfer  caused  by  two  and  three 
dimensional  flows  and  results  of  film  cooling  measurements  have  demonstrated  its  ability 
to  generate  accurate  and  useful  data  at  representati ve  turbine  conditions.  The  tunnel 
provides,  and  has  provided,  a  useful  capability  for  industry  for  testing  film  cooling 
conf i gura  t i ons  . 
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FIG.  1  -  PHOTOGRAPH  OF  TUNNEL  CT2 
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FIG.  3  -  PHOTOGRAPH  OF  CASCAOE  OF  BLADES 
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DISCUSSION 


G.Winlerfeld,  Ge 

One  of  the  problems  with  measurements  in  cascades  with  a  finite  number  of  blades  is  to  achieve  a  periodic  flow 
Could  you.  please,  comment  on  how  to  verify  this  condition  in  a  short-duration  blow-down  facility'.’ 

Author’s  Reply 

Periodicity  was  verified  in  a  number  of  ways.  Pressure  distributions  on  the  end  walls  downstream  of  the  blade  rows 
were  measured  over  the  central  three  passages.  Oil  visualisation  and  Schlieren  observation  of  the  same  regions 
were  also  used  to  this  end.  From  six  to  eight  blades,  giving  five  to  seven  passages,  have  been  used  to  achieve  as 
closely  as  possible  flow  periodicity.  To  justify  the  use  of  transient  facilities  for  cascade  testing,  the  same  model 
has  been  tested  in  both  a  blow-down  ambient  temperature  cascade  IVKI  tunnel  C3I  and  the  transient  tunnel. 
Identical  results  in  side  wall  pressures  downstream  of  the  blade  row  were  obtained,  in  both  cases  demonstrating  (low 
periodicity. 


D.K.Hennecke,  Ge 

I  feel  somewhat  uneasy  about  simulating  high  levels  of  free  stream  turbulence  intensity  and  structure  in  a  short 
duration  test  facility.  How  have  you  convinced  yourself  that  your  tests  are  representative? 

Author’s  Reply 

These  are  short  duration  measurements  but  nevertheless  they  are  measurements  taken  in  times  of  the  order  of  one 
tenth  to  one  half  a  second,  when  generally  we  feel  that  the  flow  fields  that  are  set  up  can  be  considered  to  be 
virtually  quasi-steady.  I  think  that’s  as  far  as  we  have  gone  as  regards  the  thinking  on  the  effects  of  turbulence. 


HEAT  TRANSFER  RATE  AND  FI'M  COOLING  EFFECTIVENESS 
MEASUREMENTS  IN  A  TRANSIENT  CASCADE . 


D.  L.  Schultz,  M.  L.  G.  Oldfield  and  T.  V.  Jones 
Department  of  Engineering  Science, 
University  of  Oxford,  Parks  Road, 

Oxford.  0X1  3PJ. 


Summary:  A  transient  cascade  especially  useful  fnr  heat  transfer  rite  measurements  is 
briefly  described.  The  facility  employs  a  frec  piston  which  compresses  the  test  gas  to 
temperatures  around  450  K  and  pressures  of  about  a. 5  -  7.5  Atm.  The  model  is  initially 
at  room  temperature  and  it  is  necessary  to  attain  the  correct  qas-to-wall  temperature 
ratio.  The  exit  Mach  number  is  set  by  the  inlet  total  pressure  and  the  pressure  in  the 
exit  dump  tank.  Thin  film  heat  transfer  gauges  are  used  for  the  measurement  of  heat 
transfer  rate,  deposited  on  machineable  class  ceramic  blades.  The  inherently  fast  res¬ 
ponse  of  these  transducers  makes  them  useful  for  the  investigation  of  boundary  layer 
transition  on  blade  surfaces  and  some  typical  results  are  included. 


Introduction:  A  new  type  of  transient  cascade  has  been  developed  at  Oxford  which  has 

substantially  improved  knowledge  of  the  distribution  of  heat  transfer  rates  over  turbine 
blading.  The  cascade  has  been  described  in  detail  at  a  previous  AGARD  conference  (1)  but 
a  very  brief  review  of  the  principles  is  included  here  for  completeness.  The  main 
features  are  illustrated  in  Fig.  1  where  it  will  be  seen  that  it  comprises  a  pump  tube  in 
which  a  free  piston  is  driven  by  a  bank  of  high  pressure  cylinders  normally  at  130  Atm. 

The  test  gas  ahead  of  the  piston  is  compressed  in  about  0.75  seconds,  depending  on 
operating  conditions,  until  the  desired  total  pressure  and  hence  temperature  are  attained. 
The  total  pressure  is  measured  by  a  fast  response  pressure  transducer  whose  output  trig¬ 
gers  the  gate  valve,  Fig.  2.  This  valve  opens  in  approximately  0.03  secs,  and  the  com¬ 
pressed  and  heated  test  gas  passes  over  the  cascade  into  the  dump  tank.  If  the  volumetric 
flow  rate  at  throat  conditions  (o*a*A*)b  is  made  equal  to  that  from  the  high  pressure 
reservoir  through  a  throat  located  between  the  reservoir  and  pump  tube  (o*a*A*) r  then  the 
total  pressure  ahead  of  the  piston  will  be  maintained  constant  until  the  piston  reaches 
the  end  of  the  pump  tube.  The  flow  duration  thus  depends  on  the  blade  throat  area  and 
total  pressure  (hence  total  temperature)  for  a  given  pump  tube  volume.  For  typical  cas¬ 
cade  throat  areas  the  flow  duration  in  the  OUEL  cascade  varies  between  0.3  and  0.5  secs, 
at  total  temperatures  around  450  K.  A  more  detailed  analysis  of  the  performance  of  this 
type  of  cascade  is  given  in  Ref.  (2).  The  finite  piston  mass,  17  kg  in  the  present  cas¬ 
cade,  would  result  in  oscillations  in  total  pressure  when  the  gate  valve  opens  but  a 
method  of  compensating  for  these  by  altering  the  volumetric  flow  rate  has  been  developed 
and  described  in  Ref.  (1).  With  'compensation'  in  use  the  total  pressure  may  be  main¬ 
tained  constant  to  within  about  t  1%  provided  the  blade  throat  area,  and  hence  the  mass 
flow  rate  demanded  from  the  driver  cylinders  is  not  too  great. 

Simulation :  It  is  of  course  essential  to  achieve  the  correct  Reynolds  and  Mach  numbers 

for  heat  transfer  and  aerodynamic  measurements.  In  addition  it  can  be  shown.  Ref.  (3), 
that  temperature  scaling  requires  the  gas/metal  (Tg/Tw)  for  uncooled  and  gas/metal/ 
coolant  (Tg/Tm/Tc)  for  cooled  blades  to  be  correct.  Operation  at  the  correct  gas/metal 
temperature  ratio  of  say  1.5/1  requires  a  test  gas  temperature  of  430  K  if  the  model  is 
initially  at  room  temperature,  288  K.  This  low  temperature  also  makes  full  scale 
Reynolds  number  simulation  more  straightforward  because  of  the  rapid  change  in  viscosity 
with  temperature.  For  example  the  unit  Reynolds  number  Re/mPa  at  1500  K  is  22.22  at 
M  =  1.10  and  93.63  at  430  K  so  that  engine  operating  Reynolds  numbers  may  be  correctly 
simulated  by  pressures  which  are  only  0.25  of  engine  full  scale.  Since  in  general  the 
geometric  scale  is  also  increased  in  cascade  testing  by  factors  around  1.5  to  2.0  for 
ease  of  instrumentation  it  can  be  seen  that  the  total  pressure  is  reduced  to  between  0.17 
and  0.25  of  engine  full  scale  for  full  scale  Reynolds  number  and  temperature  ratio 
simulation.  The  transient  cascade  at  OUEL  is  normally  operated  at  total  pressures  bet¬ 
ween  3.5  and  7.5  Atm.  for  full  scale  Reynolds  numbers  up  to  1.7  x  106  based  on  true  chord 
and  exit  Mach  number.  Changes  of  exit  Mach  number  are  achieved  by  adjusting  the  exit 
pressure  3et  by  the  dump  tank,  Fiq.  1,  although  it  is  necessary  to  measure  the  cascade 
exit  pressure  at  some  predetermined  location  closer  to  the  blades  because  there  are 
inevitably  pressure  gradients  in  the  exit  duct. 

Of  the  engine  conditions  which  should  be  simulated  the  inlet  turbulence  level  and 
its  scale  are  the  most  difficult.  Detailed  knowledge  of  the  characteristics  of  turbulence 
at  inlet  to  even  first  stage  guide  vanes  is  very  limited  and  what  does  exist  indicates, 
Ref.  (4) ,  that  the  turbulence  is  extremely  inhomoqeneous  with  levels  varying  from  12  to 
14  u  /U,  with  levels  up  to  18*  at  blade  root  and  tip  caused  by  the  secondary  flow.  The 
simulation  of  such  spatial  non-uniformities  is  clearly  unprofitable  in  stationary  cascade 
studies  but  even  the  attainment  of  an  homogeneous  level  approaching  10%  has  not  so  far 
been  possible.  In  the  OUEL  cascade  turbulence  levels  of  approximately  4%  can  be  achieved 
using  conventional  upstream  bar  grids.  This  has  been  effective  in  promoting  transition 
early  on  the  suction  surfaces  of  blades  and  N.G.v. 'a  and  is  acceptable  although  by  no 
means  as  high  as  would  be  desired.  Turbulence  levels  in  the  OUEL  cascade  are  measured 
with  a  conventional  constant  temperature  hot-wire  anemometer  operation  of  the  wire 
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through  a  range  of  overheats  enables  both  Re'  Re  and  To1  "fo  to  be  determined.  Ref.  6)  . 

The  hot  wire  is  of  course  sensitive  to  fluctuations  in  total  temperature  and  in  the  cas¬ 
cade  these  have  been  found  to  be  0.2k  under  conditions  in  which  the  >  (Re ' )  ■  "Re  -  !J'  T 
fluctuations  were  4.21.  The  value  of  u'  found  from  hot  wire  measurements  aqreed  well 
with  that  deduced  from  the  stagnation  1  .ne  heat  transfer  rate  on  a  circular  cylinder  in 
cross  flow.  The  enhancement  of  heat  transfer  rate  due  to  free  stream  turbulence  is  well 
documented  over  a  wide  range  of  conditions  and  serves  as  a  useful  check  on  the  hot  wire 
measurements.  A  second  feature  of  the  flow  in  an  enqine  whose  effect  should  be  understood 
is  wake  interaction  with  the  passage  flow  and  blade  boundary  layers.  Much  more  work 
remains  to  be  done  before  the  effects  of  this  phenomena  on  boundary  layer  transition  and 
heat  transfer  rates  is  understood.  Evans  at  Cambridge  has  made  a  detailed  study  of  wake/ 
boundary  layer  interaction  effects  on  compressor  blading  but  to  date  there  are  no  similar 
results  available  for  turbine  blade  profiles.  A  study  of  this  phenomena  is  now  in  pro¬ 
gress  at  OUEL. 

Instrumentation :  The  short  flow  duration  of  the  free  piston  compressor  requires  hiqh 

frequency  pressure  instrumentation  but  conventional  semiconductor  transducers  connected 
to  100  -  150  mm  lengths  of  1.5  mm  bore  tubing  have  proved  satisfactory ,  havinq  time  con¬ 
stants  less  than  0.010  secs.  Differential  transducers  (National  Semiconductor  LX  1620  D) 
are  generally  used  with  the  reference  total  pressure  taken  from  a  larger  bore  tube  on  one 
of  the  lower  blades  in  the  cascade  so  that  differential  feed  to  10  or  more  transducers 
can  be  made  without  undue  degradation  of  the  frequency  response. 

One  of  the  most  useful  features  of  transient  testing  is  the  ease  with  which  heat 
transfer  measurements  may  be  made.  The  method  utilises  the  measurement  of  the  time 
dependent  variation  of  surface  temperature,  which  has  been  fully  described  in  AGARD 
AG  -  165,  Ref.  (5).  Machineable  glass  ceramic  blades  (Corning  'MACORM  are  machined  on  a 
numerically  controlled  mill,  the  surface  is  polished  and  the  thin  film  sensors,  an  alloy 
of  platinum  and  silver,  deposited  by  hand  painting  'Hanovia  Liquid  Bright  Platinum  05-X' 
and  firing  at  650  C.  Several  coats  are  applied  to  achieve  a  suitably  robust  film  of  low 
resistance  and  tab  leads  of  gold  to  reduce  the  lead  resistance.  Pig.  3.  The  temperature 
coefficient  of  resistance  must  be  known  and  is  found  by  heating  the  entire  blade  in  a  tem¬ 
perature  controlled  bath. 

The  linear  heat  conduction  equation 


9  2T  1  3T 
3x2  o  3t 

•  9  T 

may  be  solved  for  the  heat  transfer  rate  at  the  surface  qx=g  =  —  f >c=  0  9ivin9 


(1) 


q  (s)  =  Joe k  /T  T  (s) 
s  being  the  Laplace  variable. 

In  the  simplest  case  of  qx=g  constant  the  surface  temperature  becomes 

T  =  22.  {L 

f  nock 


(2) 


(3) 


shown 


If  the  heat  transfer  rate  is  not  constant  it  may  be  obtained  from  Eqn. 
in  Ref.  (5)  , 


(2)  above  as 


q  (t)  - /S  [t  1  (4) 

•y  *  I  ft  2  I  (t  -  t)  3/2 

More  readily  an  electrical  analogue  may  be  used  to  convert  directly  from  surface 
temperature  to  heat  transfer  rate.  The  one-dimensional  heat  conduction  process  is 
directly  analogous  to  the  conduction  of  electric  waves  in  a  simple  R-C  transmission  line. 
The  equation  for  line  voltage  V  in  terms  of  t  and  RC  is 


—  =  RC  — 

ax2  at 


(5) 


So  that  the  resistive  element  R  is  the  analogue  of  the  thermal  conductance  1/k  and  the 
capacitance  C  the  analogue  of  the  heat  capacity  oC  in  the  solid.  The  current  into  the 
analogue  circuit  which  corresponds  to  the  heat  transfer  rate  is  measured,  usually  by 
means  of  a  current-to-voltage  converter.  Ref.  (6),  Pig.  4.  The  increase  in  blade  tem¬ 
perature  during  the  test  can  reach  50  -  75  C  and  in  order  to  determine  the  isothermal  heat 
transfer  rate  the  heat  transfer  rate  and  surface  temperature  are  cross  plotted  as  in 
Fig.  5(b)  and  extrapolation  to  AT (5  ■  0  performed  by  the  same  computer  which  acouires  and 
processes  other  data.  The  computer  installation  at  OUEL  comprises  a  POP  11/34  with  32 
input  channels  from  blade  transducers,  either  pressure  transducers  or  heat  transfer 
gauges,  and  cascade  transducers  monitoring  inlet  total  and  exit  static  pressures.  The 
computer  is  used  to  calibrate  the  pressure  transducers  on-line  by  pressurising  the  entire 
working  section.  The  calibration  data  is  stored  on  disc,  incorporated  in  a  cascade  run- 
control  programme  and  automatically  used  to  analyse  the  test  data.  The  test  data  is  then 
printed  out  in  2  mins,  after  the  completion  of  the  run  and  gives  the  blade  pressure  or 


heat  transfer  rate  distribution  or  loss  coefficient  measurement  together  with  all  the 
necessary  experimental  values  of  cascade  operating  conditions.  Inlet  total  temperature 
is  normallv  calculated  from  the  isentropic  compression  ratio  but  this  parameter  has  been 
measured  usinq  a  thermocouple  and  found  to  agree  to  within  1*  of  the  predicted  value  at 
temperatures  up  to  150  K. 

A  further  valuable  feature  of  fast  response  heat  transfer  gauges  is  the  ability  it 
gives  to  differentiate  between  laminar,  transitional  and  turbulent  boundary  layers. 
Referring  no  Fig.  6  a  typical  laminar  heat  transfer  rate  record  from  a  thin  film  gauge 
would  be  the  smooth  trace  in  (a',  .  Turhulent  spots  passing  over  the  gauge  cause  upward 
spikes  from  increased  heat  transfer  rate,  (b) .  In  the  centre  of  a  transition  zone  the 
signals  are  completely  random  (c! ,  and  in  a  fully  developed  turbulent  boundary  layer  th 
trace  shows  high  frequency  fluctuations  of  an  approximately  constant  magnitude  (e) . 

Before  the  boundary  layer  is  fully  turbulent  downward  spikes  towards  the  laminar  tran¬ 
sitional  regime  can  be  observed  (d) .  This  phenomena,  used  by  Schubauer  and  Klebanoff, 

Ref.  (7),  with  hot  wire  anemometers,  has  neen  observed  on  the  suction  surface  of  a  number 
of  guide  vane  and  rotor  profiles  and  has  greatly  assisted  the  identification  of  boundary 
layer  transition.  Similar  thin  film  heat  transfer  gauges  have  been  used  by  Oldfield  et 
al.,  Refs.  f8)  and  '9) ,  to  determine  the  location  and  extent  of  transitional  flow  on  a 
blade  in  the  large  continuous  flow  cascade  at  DEVLR  ,  Braunschweig.  In  this  case  the  thin 
^ilm  is  maintained  at  a  constant  overheat  temperature  by  means  of  a  conventional  hot-wire 
inemometer  feedback  bridge  (DISA) .  Early  work  on  this  thin  film  technique  was  "one  by 
Tollhouse  and  Schultz,  Ref.  (10),  and  Owen,  Ref.  (11),  using  thin  film  gauges  in  sub- 
and  supersonic  tunnels. 

Results The  most  useful  data  from  the  isentropic  free  piston  compressor  is  perhaps  the 
heat  transfer  rate  distribution .  Such  a  distribution  on  a  rotor  blade  is  illustrated  in 
Fig.  7(a)  and  compared  there  with  current  predictions.  The  form  and  levex  of  the  heat 
transfer  rate  on  the  pressure  surface  is  seen  to  be  quite  well  predicted.  On  the  suction 
surface  all  current  theoretical  methods  are  less  reliable  in  the  transition  zone.  It  can 
be  seen  from  Fig.  7(a)  that  the  final  turbulent  heat  transfer  level  on  the  suction  sur¬ 
face  is  in  close  agreement  with  the  theoretical  value  although  neither  is  entirely 
satisfactory  during  transition.  In  these  circumstances  measurements  of  high  frequency 
fluctuations  in  heat  transfer  rate  are  helpful  in  identifying  the  extent  of  transition. 

In  this  case  the  ratio  of  peak-to-peak  heat  transfer  rate  to  mean  is  shown  in  Fig.  7(b) 
in  relation  to  the  mean  levels.  The  bandwidth  of  the  measuring  system  was  limited  to 
about  3  kHz  and  is  therefore  much  less  than  optimum  but  the  results  reveal  the  usefulness 
of  the  method  which  has  been  successfully  applied  to  the  identification  of  transition 
zones  on  several  blade  profiles.  A  100  kHz  bandwidth  analogue  system  has  been  developed 
for  further  studies  using  this  technique. 

A  complete  heat  transfer  rate  survey  on  a  nozzle  guide  vane  is  shown  in  Fig.  8. 

The  variation  in  Reynolds  number  from  0.4  to  0.8  x  l06/m  is  sufficient  to  cause  tran¬ 
sition  on  the  suction  and  pressure  surface.  On  the  pressure  surface  an  increase  in  free 
stream  turbulence  level  from  below  1%  without  an  upstream  grid  to  4%  at  Re  =  0.8  x  10e/m 
is  sufficient  to  cause  immediate  transition  again  on  the  pressure  surface  and  does  not 
alter  the  levels  on  the  suction  surface.  This  evidence  suggests  that  although  the  4% 

U'/U  turbulence  level  which  can  be  achieved  is  much  lower  than  in  the  engine  environment 
it  is  sufficiently  high  to  cause  natural  transition  on  blade  surfaces.  Increase  in 
Reynolds  number  to  1.2  x  106/m  affects  the  overall  level  of  heat  transfer  rate  as  would 
be  expected  and  results  in  no  further  alteration  in  the  state  of  the  boundary  layer  on 
cither  pressure  or  suction  surface. 

Film  cooling  studies  on  the  pressure  surface  of  the  same  profile  have  been  made 
over  a  range  of  coolant  flows  oc  uc/o from  0.5  to  4.0.  Typical  results  shown  in  Fig. 

9  show  the  effect  of  low,  0.75,  and  high, 2 . 00, coolant  flow  rates.  These  results  are  con¬ 
sistent  with  those  obtained  on  a  flat  plate  by  Smith  et  al..  Ref.  (12),  who  showed  that 
high  coolant  flow  rates  can  increase  the  heat  transfer  rate  just  downstream  of  the 
injection  holes.  Nevertheless,  there  is  a  marked  reduction  in  heat  transfer  rate  far 
downstream  at  the  higher  coolant  flow  rate.  In  this  experiment  the  coolant  temperature 
was  the  same  as  the  blade. 

Conclusion :  The  transient  cascade  has  been  shown  to  be  a  useful  facility  for  a  range  of 

measurements  on  turbine  blading  under  fu.l  scale  engine  Reynolds,  Mach  numbers  and 
temperature  ratios.  Although  the  free  stream  turbulence  level  is  limited  to  about  4%  in 
the  QUEL  cascade  present  evidence  suggests  that  it  is  sufficiently  high  to  cause  natural 
transition  near  the  leading  edges  of  both  rotor  blades  and  vanes.  The  measurement  of  the 
fluctuations  in  heat  transfer  rate  have  proved  useful  in  identifying  the  transition  region 
on  the  blade  surface. 

While  such  short  duration  techniques  cannot  replace  full  scale  tests  the  detail 
which  is  obtainable,  particularly  in  heat  transfer  rate  measurements  provides  a 
relatively  inexpensive  check  on  design  methods  . 
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DISCUSSION 


W.J.Priddy,  UK 

Dr  Schultz,  you  state  that  a  fraction  of  a  second  is  adequate  time  to  allow  for  the  turbulence  to  settle  in  your 
transient  facility.  There  is  a  range  of  frequencies  present  in  turbulence  including  very  large  scales  associated  with 
low  frequency.  The  different  frequencies  interact  through  a  cascade  of  energy  transfer  between  the  eddies,  where 
the  development  of  the  'high  frequency-  eddies  is  dependent  on  the  "low  frequency'  scales  Therefore,  the  time  seal 
for  the  turbulence  to  fully  develop  is  dependent  on  the  largest  and  'slowest-  scales.  In  view  of  this,  how  can  you  he 
certain  that  the  turbulence  has  fully  developed? 

Author’s  Reply 

If  we  assume,  for  example,  that  the  mean  blade  Mach  number  is  0  5  and  the  true  chord  is  0 .05  m  then  the  average 
transit  time  through  the  passage  would  be  of  the  order  of  0.3  milliseconds,  representing  a  frequency  of  about 
I  700  Hz.  Any  frequency  below  this  relates  to  changes  in  the  mean  cascade  velocity  and  their  scale  has  little  or  no 
effect  on  transition  processes. 

The  turbulence  structure  behind  the  grids  we  use  is  established  in  the  time  scale  of  the  experiments.  It  only  takes 
five  milliseconds  for  the  wakes  behind  the  turbulence  grid  bars  to  extend  to  100  bar  diameters  when  the  inlet  Mach 
number  is  around  0.3,  typical  of  our  cascade. 


r 


9-1 


STUDIES  OF  TURBULENCE  CHARACTERISTICS  AND  THEIR  EFFECTS  UPON  THE 
DISTRIBUTION  OF  HEAT  TRANSFER  TO  TURBINE  B LAPINS 


by 

F.J.  BAYLEY,  Professor  of  Mechanical  Engineering  and 
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W.J.  PRIDDY,  Research  Fellow  in  Mechanical  Engineering, 

University  of  Sussex,  BRIGHTON  BN1  9QT,  U.K. 


In  this  paper  two  techniques  are  used  to  determine  the  distribution  of  heat  transfer 
coefficient  around  turbine  blade  sections.  Data  are  reported  from  cascade  tests 
with  a  steady  mainstream  and  then  from  tests  in  which  the  turbulence  intensity  and 
frequency  were  systematically  varied.  A  provisional  correlation  of  the  data  is 
described. 


Nomenclature 


b .  p .  f  . 

Blade  passing  frequency,  Hz. 

Nu_ 

o 

Nusselt  number  in  steady  flow 

c 

Blade  chord,  m. 

Mainstream  velocity,  m/s 

fb 

Bar  passing  frequency,  Hz. 

u ' 

Root  mean  square  velocity 

m 

Mainstream  rate  of  flow,  kg/s. 

fluctuation,  m/s. 

M2 

Exit  Mach  number. 

Re 

Reynolds  number. 

N 

Rotational  speed  of  cage, 

X 

Distance  around  blade  surface,  m 

rev /min. 

X 

Distance  of  blade  cascade  from 

Nu 

Nusselt  number 

cage,  mm. 

V 

Kinematic  Viscosity,  m2/s. 

Introduction 

It  is  now  generally  accepted  that  significant  differences  are  found  between  measurements 
of  convective  heat  transfer  to  turbine  blading  in  laboratory  cascades  and  deductions 
from  engine  data.  Qualitatively  these  differences  are  explicable  through  the  different 
turbulence  character istics  of  the  flows  in  cascades  and  those  in  the  demanding  environ¬ 
ment  of  an  engine,  and  certainly  many  workers  have  demonstrated  experimentally  and 
theoretically  th3t  different  turbulence  parameters  have  varying  and  usually  significant 
effects  upon  local  convective  heat  transfer  rates.  Quantitatively,  however,  the  situation 
is  less  satisfactory,  certainly  from  the  designer's  point  of  view,  dictated  by  his 
requirement  to  make  reliable  predictions  of  blade  life  and  thus  of  local  temperatures 
around  a  blade  surface.  Not  least  the  quantitative  difficulties  arise  from  the  problems 
of  measuring  flows  within  an  engine,  but  even  if  these  were  overcome  uncertainties  would 
remain  as  to  the  properties  of  real  flows  which  characterise  the  turbulence  and  its 
effect  upon  local  heat  transfer.  Turbulence  intensity  has  traditionally  been  regarded 
as  the  principal  turbulence  parameter,  but  many  workers  have  demonstrated  that  other 
factors  are  important  and  Dyban  and  Epik  (1),  for  example,  suggest  that  each  of  the 
three  components  of  velocity  fluctuation,  the  energy  spectrum,  the  correlation  coef¬ 
ficient  and  the  so  called  intermittency  factor  need  to  be  known  to  define  precisely  a 
turbulent  flow.  Many  modern  turbine  blade  sections,  even  at  the  high  Reynolds  numbers 
at  which  they  operate  manifest  considerable  areas  over  which  the  boundary  layer  remains 
laminar  in  a  steady,  low  turbulence  stream.  The  superimposition  of  main  stream  velocity 
fluctuations  associated  with  artificially  induced  mainstream  turbulence  is  well  known  to 
affect  dramatically  heat  transfer  rates  under  such  conditions,  and  Ishigaki  (2)  has  shown 
theoretically  that  under  such  conditions  the  frequency  of  the  perturbations,  as  well  as 
their  intensity,  or  amplitude,  is  important  in  determining  the  enhancement  of  the  con¬ 
vection  process.  Clearly  such  effects  can  be  important  in  turbine  blade  design  for  as 
rotor  speed  changes  so  will  the  frequency  of  the  perturbations  in  flow  velocity  which 
the  blades  experience. 

This  paper  describes  a  continuing  programme  of  research  in  the  Thermofluid  Mechanics 
Research  Centre  of  the  University  of  Sussex  which  is  attempting  to  separate  the  effects 
of  some  of  the  different  turbulence  parameters.  A  previous  paper  describing  this 
work  (3)  showed  how  in  experiments  upon  a  modern  rotor  blade  section  there  appeared  t 
be  a  clear  and  separable  effect  of  frequency,  over  parts  of  the  blade  sect  i  t  it  leas’  . 
This  early  work  however  involved  intensities  of  turbulence  generally  higher  •t.ir  -  .  ■’  • 
he  reasonably  expected  in  an  engine,  and  frequencies  lower  than  wo  1 1  l  t  t  i  .  ‘  ■ 

experienced  by  rotor  blades,  for  example,  passing  through  the  w  ikes  f  s’  e  i  .  ■  ■■ 
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present  paper  some  of  the  deficiencies  of  the  earlier  work  have  been  made  good  and  some 
preliminary  attempts  are  reported  at  correlating  the  magnitude  of  the  observed  effects 
following  the  predictions  of  the  theoretical  work  of  reference  (2). 

The  Turbulence  Generator 


The  cascade  tunnel  used  for  the  present  work  typically  yielded  a  turbulence  intensity  of 
less  than  one  percent  at  the  blade  leading  edges.  This  level  of  turbulence  was  enhanced 
for  part  of  the  test  programne  by  a  generator  of  the  general  form  described  in  reference 
(3).  This  comprises  a  squirrel  cage  which  can  be  rotated  at  varying  speeds,  thus  pro¬ 
ducing  a  perturbation  frequency  determined  by  this  speed  and  the  number  of  bars  in  the 
cage,  which  for  the  current  part  of  the  programme  has  been  kept  at  thirty.  The  intensity 
of  the  turbulence  is  determined  largely,  again  as  described  in  detail  in  (3),  by  the 
diameter  of  the  bars,  but  also  by  the  distance  downstream  from  the  cage.  Compared  with 
the  earlier  apparatus  of  (3)  the  current  design  enables  the  distance  between  the  cage 
and  the  leading  edges  of  the  blades  in  the  cascade  to  be  varied  between  6.4  mm  and  38  mm 
giving  an  additional  control  of  the  turbulence  characteristics.  Even  more  important,  the 
facility  to  operate  close  to  the  cage  has  enabled  the  effects  of  the  peak  frequencies 
upon  the  heat  transfer  to  be  observed.  Thus  the  current  cage  design,  shown  in  the 
drawing  of  the  apparatus.  Fig.  1,  which  incorporates  carbon  fibre  bars  2.4  mm  in  diameter, 
can  be  rotated  at  up  to  20,000  rev/min,  giving  a  bar  passing  frequency,  with  30  bars,  of 
10  kHz.  In  the  earlier  apparatus,  with  a  fixed  distance  of  46  mm  between  cage  and 
blades,  the  high  frequency  perturbations  were  found  not  to  persist  in  the  flow  over  this 
distance,  which  was  not,  of  course,  typical  of  blade  inter-row  spacing  in  modern  engine 
design. 

The  turbulence  characteristics  of  the  flows  behind  the  cage  have  been  determined  by  a 
hot  wire  anemometer  using  a  single  filament  set  normal  to  the  mainstream  flow  direction 
and  traversed  over  the  cascade  entrance  plane.  The  signals  were  analysed  by  standard 
Disa  anemometer  circuitry  to  yield  the  usual  turbulence  intensity,  defined  as  the  r»s 
streamwise  velocity  fluctuation  expressed  as  a  percentage  of  the  average  mainstream 
absolute  velocity.  In  this  phase  of  the  work  no  attempt  has  been  made  to  distinguish 
component  fluctuations  nor  to  attempt  spatial  correlation  of  the  perturbations.  The 
work  has  concentrated  on  the  gross  characteristics  of  the  flow,  and  in  particular  its 
frequency  characteristics.  Determination  of  these  has  been  facilitated  in  the  current 
programme  of  work,  compared  with  the  earlier,  by  the  use  of  a  Solartron  1510  spectrum 
analyser.  This  instrument  analysed  the  signals  from  the  anemometer  online  to  yield 
directly  the  power  spectra  of  the  fluctuating  flow.  Some  typical  examples  of  these  are 
reproduced  as  Fig.  2.  and  in  all  cases  the  distinct  'spike'  at  the  bar  passing  frequency 
is  noteworthy,  and  is  now  found  to  be  distinguishable  further  downstream  at  the  higher 
frequencies  than  was  the  case  in  the  earlier  programme  of  work. 

Figures  3a  and  3b  show  how  independent  was  the  turbulence  Intensity  of  frequency  and 
rate  of  mainstream  flow,  as  also  was  found  in  our  earlier  work  (3) .  The  effect  upon 
this  parameter  of  distance  from  the  cage  is  shown  by  Fig.  3c  and  the  observations 
follow  generally  accepted  trends. 

For  the  whole  programme  of  work  reported  here  measurements  were  made  of  turbulence 
characteristics  only  at  the  blade  leading  edges,  for  current  instrumentation  does  not 
allow  measurements  through  the  blade  passages. 

Measurements  of  Heat  Transfer 


The  present  programme  of  work  has  given  the  opportunity  of  comparing  two  different 
procedures  for  determining  the  distribution  of  convective  heat  transfer  rate  around  a 
turbine  blade  section.  In  the  past  and  for  some  of  the  present  work  use  has  been  made 

of  the  method  developed  by  our  former  colleague  Dr.  A.B.  Turner  (4).  In  this,  the  two- 

dimensional  Laplacian  conduction  equations  are  solved  by  a  finite  element  method  on  a 
digital  computer  using  boundary  conditions  of  measured  temperature  distribution  around 
the  blade  outer  surface  and  heat  transfer  rates  at  the  surfaces  of  internal  passages 
conveying  cooling  air.  The  procedure  yields  the  normal  temperature  gradient  and  hence 
the  heat  transfer  rate  at  the  outer  surface.  This  has  proved  to  be  a  powerful  technique 
and  is  sensitive  enough  to  show  clearly  sharp  changes  of  heat  transfer  rate,  as  at  the 
laminar-turbulent  transition.  It  is  however  expensive  of  computer  and  user  time  and 
especially  is  this  the  case  when  blade  sections  with  long  thin  trailing  edges  are 

examined,  for  even  with  the  largest  computer  at  our  disposal  it  is  difficult  to  arrange 

for  sufficient  elements  for  an  accurate  solution  to  be  contained  within  these  regions. 

The  alternative  procedure  which  has  been  adopted  for  most  of  the  current  programme  is  to 
model  the  blade  section  as  a  hollow  shell,  about  1mm  thick,  in  a  metal  plastic  composite 
material.  This  has  a  thermal  conductivity  of  about  1  W/mK,  so  that  the  typical  heat 
fluxes  under  the  test  conditions,  in  which  the  mainstream  total  temperature  is  about 

100°C  and  the  cooling  air  temperature  inside  the  shell  about  20°C,  produce  temperature 

drops  through  the  wall  of  the  order  10°C.  These  can  be  accurately  measured  by  thermo¬ 
couples  formed  from  fine  (0.2  mm  diameter)  wires  buried  in  the  inner  and  outer  surfaces. 
The  differences  between  inner  and  outer  temperatures  are  readily  converted  on-line  to  heat 
transfer  coefficients  by  a  simple  data  reduction  programme,  and  outputs  like  those  of 
Figures  4,  5  and  6  can  be  obtained  as  the  rig  is  running. 


Observations  In  the  Unperturbed  Flow 


Figure  4  compares  the  distributions  of  heat  transfer  coefficient  observed  in  comparable 
tests  on  a  rotor  blade  section  using  the  two  techniques  of  measurement.  The  abscissa 
of  this  figure  and  throughout  is  defined  as  the  distance  measured  around  the  surface 
from  the  leading  edge  stagnation  point  divided  by  the  plan  or  true  chord  and  expressed 
as  a  percentage.  Data  beyond  the  80  per  cent  point  on  the  pressure  lor  concave)  surface 
and  120  per  cent  on  the  suction  (or  convex)  surface  are  of  no  significance  since  in 
these  trailing  edge  legions  the  physical  scale  of  the  blade  made  impossible  accurate 
modelling  by  either  analytical  technique. 

Beyond  the  clearly  defined  laminar  turbulent  transition  region  on  the  suction  surface 
the  agreement  between  the  two  methods  of  determining  the  heat  transfer  coefficients  is 
not  satisfactory,  and  this  was  consistently  the  case  through  the  whole  range  of  con¬ 
ditions  covered  in  this  total  programme.  The  heat  fluxes  to  the  thin-shell  blade  were 
usually  about  one-half  those  on  the  steel  blade  used  for  the  Laplacian  analysis,  and 
there  is  some  possibility  that  the  boundary  layer  was  more  stable  with  thus  a  tendency 
to  lower  coefficients  in  the  former  case.  It  is  more  likely,  however,  that  the  ill- 
conditioned  nature  of  the  numerical  representation  of  the  conduction  equations  in  this 
region  made  for  errors  in  the  steel  blade  analysis,  and  the  thin-shell  data  is  thought 
to  be  the  more  reliable.  This  ill-conditioning  is  also  the  cause  of  the  oscillations 
in  heat  transfer  coefficient  observed  elsewhere  on  the  steel  blade,  although  in  these 
other  regions  the  mean  values  are  in  good  agreement  with  the  observations  from  the  thin- 
shell  blade.  An  error  simulation  study  of  the  Laplacian  results  showed  them  to  be 
sensitive  to  quite  small  perturbations;  for  example,  a  perturbation  of  as  little  as 

0.5°C  in  surface  temperature  could  under  certain  conditions  lead  to  variations  of  t  15 
per  cent  in  computed,  surface-average  heat  transfer  coefficients.  A  full  study  of  the 
factors  affecting  numerical  solutions  of  the  conduction  equations  has  recently  been 
published  by  our  colleague.  Dr.  J.M.  Owen  (5).  Thus  although  the  finite  element 
solution  has  proved  a  useful  and  powerful  technique  of  heat  transfer  analysis,  we  have 
for  the  remainder  of  the  programme  concentrated  upon  the  more  convenient  thin-shell 
method  of  testing. 

Fig.  5  shows  how  the  distribution  of  heat  transfer  coefficient  around  this  same  rotor 
blade  section  changed  as  the  exit  velocity  from  the  cascade,  and  hence  Reynolds  number 
and  Mach  number,  was  varied.  In  this  method  of  representing  a  range  of  results  the 
exit  Reynolds  number  is  shown  in  the  left-hand  abscissa,  and  its  value  for  a  particular 
curve  indicated  by  the  short  horizontal  line.  This  also  shows  the  zero  point  for  the 
heat  transfer  coefficient  for  each  curve,  and  the  absolute  value  of  this  coefficient  may 
be  obtained  as  the  height  above  the  corresponding  zero  line  for  each  distribution  curve 
using  the  scale  at  the  right-hand  coordinate.  The  simplicity  of  the  thin-shell  analytical 
technique  allows  these  contours  of  heat  transfer  coefficient  to  be  drawn  by  the  on-line 
computer  as  the  test  rig  is  running,  and  a  similar  plot  is  shown  as  Fig.  6  for  a  typical 
nozzle  guide  vane  of  low  turning  angle. 

These  heat  transfer  data  from  the  thin-shell  blade  sections  allow  comparison  with 
existing  prediction  techniques  for  the  relevant  flow  conditions.  In  Figures  7a  and  7b, 
the  distribution  of  heat  transfer  around  the  two  blade  sections  tested  are  compared  with 
simple  flat  plate  predictions  for  the  highest  exit  Reynolds  numbers  in  each  case. 

Local  Reynolds  numbers  were  computed  from  measured  pressure  distributions  around  each 
section,  and  we  immediately  observe  that  the  turbulent  boundary  layer  predictions  are 
quite  inappropriate.  The  leading  edge  data  are  slightly  overestimated  for  the  con¬ 
ditions  shown  using  the  form  proposed  in  (6) ,  and  all  our  observation  show  that  con¬ 
sistently  the  rotor  blade  has  behaved  more  predictably  in  this  region.  The  predictions 
from  laminar  flat  plate  theory  (for  example,  from  ref.  7)  are  in  good  agreement  with  our 
measurements  over  substantial  parts  of  both  blade  sections  and  for  most  of  the  tested 
range  of  flow  conditions.  Indeed,  the  only  exception  to  this  observation  is  that  shown 
for  the  pressure  surface  of  the  rotor  blade  in  Fig.  7a.  The  heat  transfer  coefficient 
just  downstream  of  the  leading  edge  is  in  good  agreement  with  theoretical  prediction, 
and  at  lower  exit  Reynold  numbers  this  agreement  persists  downstream,  as  on  the  nozzle 
blade,  Fig.  7b.  At  this  high  flow  on  the  rotor  blade,  however,  it  is  observed  that  the 
heat  transfer  coefficient  on  the  pressure  surface  rises  towards  the  trailing  edge  and 
this  could  be  attributed  to  the  development  of  Taylor-Goertler  vertices.  The  procedure 
of  Smith  (8) ,  for  example,  predicts  their  onset  over  most  of  the  pressure  surface  of 
this  blade  at  this  flow  condition;  unfortunately  a  similar  prediction  is  made  for  the 
nozzle  blade  where  almost  no  increase  in  heat  transfer  is  observed.  The  slight  oscil¬ 
lation  in  coefficient  along  the  surface  of  both  blades  gives  some  credence  to  such  a 
hypothesis,  however,  although  it  is  clear  that  there  is  much  uncertainty  about  the 
quantitative  effects  of  such  phenomena.  A  possible  resolution  of  the  discrepancy  may 

2  du« 

be  in  the  value  of  the  acceleration  parameter  v/u'.g^-.  This  only  falls  below  the 

critical  value  of  2.6  10  ®  associated  with  relaminarisation  of  turbulent  boundary  layers, 
at  the  highest  flow  rate  on  the  rotor  blade,  and  towards  the  rear  of  the  nozzle  blade, 
where  there  appears  a  slight  rise  in  heat  transfer.  Further  study  of  these  phenomena  are 
clearly  called  for. 


f 
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It  is  particularly  obvious  from  these  results,  as  indeed  is  well  known,  that  the  pre¬ 
diction  of  the  laminar-turbulent  transition  region,  both  in  placing  and  extent,  is  of 
crucial  importance  if  turbine  blade  designers  are  to  make  an  accurate  estimate  of  the 
distribution  of  heat  transfer  rates  in  steady  flows  at  least.  None  of  the  many  avail¬ 
able  procedures,  empirical  or  otherwise,  predicts  the  clearly  observed  transitions  in 
the  present  programme.  There  is  some  evidence  that  separation  is  the  triggering  mech¬ 
anism  on  the  suction  surface  of  the  rotor  blade,  a  point  of  view  based  on  approximate 
estimates  of  the  development  of  the  momentum  boundary  layer  thickness,  and  reinforced  by 
the  observed  reduction  in  heat  transfer  just  upstream  of  the  transition  on  this  blade. 
Similar  trends  in  the  heat  transfer  data  for  the  nozzle  blade  point  the  same  way  but 
this  transition  mechanism  is  not,  however,  confirmed  by  the  boundary  layer  analysis. 

Effect  of  the  Flow  Perturbations 


A  set  of  tests  was  conducted  on  the  rotor  blade  with  the  turbulence  generator  rotated 
upstream  of  the  cascade  at  speeds  ranging  in  1000  rev /min  steps  up  to  the  maximum  of 
20,000,  and  at  distances  from  the  leading  edge  of  the  instrumental  blade  varied  over  the 
available  range.  The  turbulence  conditions  covered  thus  ranged  between  IS  and  32  per 
cent  intensity  and  bar  passing  frequencies  between  4  and  10  kHz. 

The  effects  of  turbulence  intensities  which  might  not  unreasonably  be  expected  in  an 
engine  are  shown  as  Fig.  8.  for  the  rotor  blade.  The  striking  effect  of  the  pertur¬ 
bations  upon  the  heat  transfer  to  the  pressure  surface  in  particular  is  noteworthy,  and 
even  the  intermediate  turbulence  intensity  more  than  trebles  the  convective  coefficients 
on  this  surface.  Effects  are  less  on  the  suction  surface  and  indeed  downstream  of  the 
previously  observed  transition  region,  which  is  now  almost  wholly  suppressed,  there  is 
little  enhancement,  as  many  other  investigators  have  found  (9) .  Further  upstream  there 
is  some  increase  in  heat  transfer,  surprisingly  rather  more  evident  with  the  lower 
intensity  represented  in  this  figure,  although  here  the  separation  referred  to  in  the 
steady  flow  work  may  be  complicating  the  picture. 

The  effect  of  frequency  upon  the  distribution  of  heat  transfer  as  the  intensity  of  the 
perturbation  and  the  mainstream  Reynolds  number  are  held  constant,  is  shown  in  Fig.  9. 
Although  the  effects  are  less  dramatic  than  those  resulting  from  the  change  from  a 
steady  to  an  unsteady  flow,  there  is  nevertheless  an  increase  in  the  rate  of  heat  transfer 
to  most  of  the  blade  surface  as  the  characteristic  f undamental  frequency  of  the  perturb¬ 
ations  is  raised. 

Such  an  effect  was  predicted  by  Ishegaki  (2)  ,  who  derived  from  his  theoretical  analysis 
the  parameter 


in  which  u'  is  the  r.m.s.  velocity  fluctuation  superimposed  on  the  mainstream  velocity, 
u„,  so  that  (uVu«,)  is  the  usual  turbulence  intensity.  The  second  group  is  the  so- 

called  Strouhal  number  in  which  f^  is  the  frequency  of  disturbance,  in  this  case  the 

blade  passing  frequency,  and  c  a  characteristic  length,  in  this  case  the  chord,  or  the 
appropriate  fraction,  of  the  blade. 

Fig.  10  shows  all  the  data  from  the  present  rotor  blade  test  programme  represented  in 
terms  of  a  modified  version  of  this  parameter.  Following  the  practice  adopted  in  our 
earlier  work  (3),  for  convenience  the  blade  has  been  divided  into  four  principal  regions, 
the  leading  edge,  the  pressure  surface,  and  the  upstream  and  downstream  halves  of  the 
suction  surface.  As  has  already  been  seen  there  is  a  negligible  effect  of  the  perturb¬ 
ations  on  the  latter  region,  so  that  this  figure  shows  the  results  only  for  the  remaining 
three  regions  of  the  blade  surface,  as  indicated. 

The  abscissa  is  the  Ishigaki  parameter  modified  by  multiplication  by  the  mainstream 
Reynolds  number  appropriate  to  each  of  the  blade  regions  represented.  The  exit  values 
are  used  for  the  pressure  surface,  the  midsurface  distance  and  exit  velocity  for  the 
upstream  suction  surface,  and  the  cascade  inlet  velocity  and  radius  of  curvature  for  the 
leading  edge.  Because  of  the  BcaleB  adopted  all  the  data  for  the  latter  region  is 
compressed  together  near  the  origin,  and  is  therefore  shown  only  as  average  values  for 
the  two  different  intensities  systematically  studied. 

The  heat  transfer  rate  in  the  ordinate  of  Fig.  lO.  is  represented  in  the  normalised  form 
as  the  ratio  of  the  surface-average  coefficient  measured  in  the  unsteady  flow  to  that  at 
the  corresponding  conditions  in  the  unperturbed  flow.  The  resulting  correlation  is  not 
complete  and  differences  in  the  effects  of  the  perturbations  are  apparent  upon  the  three 
blade  regions  distinguished.  It  is  not  possible  yet  to  determine  whether  this  is  due 
to  variations  in  local  turbulence  conditions  around  the  blade,  which  cannot  be  measured 
in  the  current  phase  of  the  work,  or  to  more  fundamental  variations  in  local  flow  stability, 
for  example.  Nevertheless  the  correlation  of  Fig.  10  is  not  discouraging  but  further 
work  is  required  to  resolve  the  uncertainties  which  remain. 
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Conclusion 


The  thin-shell  technique  for  measurement  of  blade  heat  transfer  coefficients  Is  shown  to 
be  a  reliable  and  convenient  method  to  apply.  With  it,  some  understanding  of  boundary 
layer  behaviour  in  both  a  steady  and  turbulent  mainstream  has  already  been  gained. 

When  the  requirement  is  to  test  at  elevated  gas  temperature,  for  example  downstream  of  a 
combustion  chamber,  the  so-called  Laplace  method  for  a  high  temperature  metal  blade  is  a 
powerful  alternative.  This  solution,  however,  demands  a  precise  knowledge  of  the  bound¬ 
ary  conditions. 

An  encouraging  correlation  for  the  blade  heat  transfer  in  turbulent  conditions  has  been 
made  but  points  to  the  need  for  further  research.  The  turbulence  frequency  and  intensity 
parameters  appear  both  to  be  significant. 
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Fig.  4  Local  heal  transfer  coefficient  :  comparison  between 
Laplacian  and  thin  -  shell  results 


—  —  Laminar  flat  plate  boundary  layer .  Nu,  =  0  322  Re,*  *Pr*  ” 


Fig.  7  Experimental  and  predicted  heat  transfer  coefficients 
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Fig  8  Variation  of  heat  transfer  coefficient  distribution  with 
turbulence  intensity 
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DISCUSSION 


M  L  G  Oldfield.  UK 

You  have  simulated  characteristic  blade  passing  frequencies  with  the  squirrel  cage,  hut  the  hars  are  closer  together 
than  an  upstream  nozzle  guide  vane  row  of  blades  would  be.  Have  you  considered  using  fewer  bars  rotating  at  a 
higher  velocity,  so  that  the  noz.rle  guide  vane  wake  passing  velocity  and  wake  spacing  can  also  be  simulated ' 

Author's  Reply 

In  effect  we  have  attempted  to  walk  before  we  run  and  concentrated  on  the  turbulence  frequency  as  an  individual 
parameter  as  well  as  the  turbulence  intensity.  Presumably  a  phase  lock  averaging  technique  could  be  applied  to 
study  the  velocity  defect  of  the  wakes  simulated  upstream  of  the  cascade  blades.  The  spacing  of  the  passing  bars  and 
their  speed  might  then  be  adjusted  to  simulate  correctly  the  relative  wake  velocity  and  spacing  produced  in  a  turbine 
by  the  upstream  blade  row.  However,  the  configuration  will  depend  on  the  particular  engine  and  stage  under 
consideration,  whereas  ours  is  a  general  study  of  the  blade  passing  effect.  It  might  also  prove  not  possible  to  control 
all  three  parameters,  namely  frequency,  wake  spacing  and  velocity  defect,  independntly  of  each  other  in  a  model  rig. 
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CORRELATION  MEASUREMENT  OF  VELOCITY  AND 
TEMPERATURE  FLUCTUATIONS  IN  A  FREE  JET 
DIFFUSION  FLAME 

by 

V.  Wittmer  and  R.  GUnther 
UniversitSt  Karlsruhe  (TH) 
Engler-Bunte-Insti tut 
Lehrstuhl  und  Bereich  Feuerungstechnik 
Richard-Willstatter-Al lee  5 
7500  Karlsruhe  1 
Germany 


SUMMARY 

In  the  present  paper  a  free  jet  diffusion  flame  was  studied. 
The  measurement  techniques  used  were  the  laser-Doppler-anemometry 
(LDA)  and  a  compensated  thermocouple.  With  LDA  the  fields  of  both 
the  mean  axial  and  radial  velocities  and  their  fluctuations  were 
measured.  The  local  mean  and  fluctuating  temperature  were  measur¬ 
ed  after  determining  the  frequency  response.  The  time  constant 
was  measured  assuming  the  transfer  function  of  the  thermocouple 
to  be  a  first  order  lag.  The  results  of  the  temperature  measure¬ 
ment  show,  that  the  maximum  of  the  temperature  fluctuations  is 
outside  of  the  reaction  zone.  In  a  traverse  plane  the  correla¬ 
tion  of  the  fluctuating  axial  and  radial  velocities  has  the  maxi¬ 
mum  at  the  location  of  the  highest  gradient  of  the  axial  velo¬ 
city.  The  correlation  of  fluctuating  velocity  and  temperature  be¬ 
comes  zero  in  the  reaction  zone. 


NOMENCLATURE 


d 

k 

P 

R 

t 

T 

T 

T, 
u 

U, 

V, 
X 

y 

T 


T,  ^ 


V7? 

V7? 


nozzle  diameter 
constant 

probability  density  function 
correlation  coefficient 
time 

temperature 

derivative  of  temperature  with  respect  to  time 

mean  and  fluctuating  temperature 

velocity 

mean  and  fluctuating  velocity  (axial) 
mean  and  fluctuating  velocity  (radial) 

(axial)  coordinate 
(radial)  coordinate 
time  constant 


Subscripts 
c  corrected 

g  gas 

i  index 

m  axial  quantity 

s  thermocouple 


1 .  INTRODUCTION 

A  common  flame  in  industrial  practice  is  the  turbulent  diffusion  flame.  This  flame 
burns  in  a  shear  layer  that  is  turbulent.  In  contrast  to  premixed  flames  the  diffusion 
flame  entrains  its  combustion  air  from  its  surrounding.  Turbulent  mixing  of  fuel  and  air 
controls  the  combustion  process. 

In  order  to  study  the  behaviour  of  a  turbulent  flame  both  mean  and  fluctuating  values 
of  velocity,  temperature  and  concentration  must  be  studied.  At  the  present  time  it  is  not 
possible  to  calculate  those  quantities  from  theory  alone.  Experimental  values  are  needed 
as  a  basis  and  point  of  comparison  of  mathematical  models.  In  particular,  the  measurement 
of  the  correlation  of  physical  quantities  is  necessary  to  interpret  the  processes  in  a 
turbulent  flame. 

In  the  present  paper  the  turbulent  velocity  and  temperature  fields  and  the  correla- 
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tion  of  velocity  and  temperature  fluctuations  were  measured. 
2.  FLAME  AND  BURNER  SYSTEM 


The  gas  leaves  a  conical  nozzle  with  a  diameter  of  8  mm  with  an  exit  velocity  of 
71  m/s  (Re  =  3.7  •  1 0 4 ) .  This  type  of  no2zle  was  chosen  to  avoid  agglomeration  of  particle 
in  the  nozzle.  The  particles  were  necessary  for  seeding  the  gas  for  laser-Doppler-anemo- 
metry.  Because  of  the  high  exit  velocity  the  flame  has  to  be  stabilized,  for  which  a  ring- 
shaped  jet  of  oxygen  (450  1/h)  was  used. 

The  whole  burner  system  could  be  traversed  in  the  horizontal  direction. 

3.  VELOCITY  MEASUREMENT 


The  laser-Doppler-anemometry  (LDA)  was  used  for  the  measurement  of  the  following 
velocity  components: 

—  T-7  2  -  V  '  2  ~  < 

u,  lu  ,  v,  iv  ,uv. 


The  optical  arrangement  (Fig.  1)  consisted  of  an  Argon  Ion  laser,  beam  splitter,  two 
Bragg  cells  and  the  focussing  lens.  Beam  splitter  and  Bragg  cells  formed  a  rotatable  unit. 
The  laser  was  operated  in  the  green  line  with  a  power  of  about  0.5  Watt.  The  frequency 
shifting  by  Bragg  cells  is  necessary  for  high  turbulence  measurements.  The  fringe  distance 
in  the  measurement  volume  of  the  LDA  system  was  4  urn.  The  forward  scattered  light  passed 
an  optical  system  consisting  of  two  lenses  which  enlarged  the  measurement  volume  by  a 
factor  of  1.5  .  The  LDA  signal  collected  by  a  photomultiplier  was  analyzed  in  a  TSI 
tracker.  Its  voltage  output  and  trigger  output  (to  avoid  measurements  during  dropout  time) 
were  connected  with  a  signal  analysis  computer  (Deutsche  Intertechnique ,  PS  400)  which 
sampled  the  signal  and  calculated  the  velocity.  Since  an  LDA  system  gives  a  higher  weight¬ 
ing  to  higher  velocities,  a  correction  as  suggested  by  Durst  was  used,  Eq.(1). 


Pc(ui)  =  P(ui)/ui 


(1) 


The  meaning  of  this  equation  is,  that  the  probability  of  a  given  velocity  is  divided  by 
that  velocity. 

The  radial  components  of  the  velocity  and  u  v  term  were  measured  by  rotating  the 
optical  system.  By  measuring  in  three  directions  (30°,  0°,  -30°)  it  is  possible  with  the 
geometrical  relationship  to  calculate  these  quantities  [2J  : 

3.1  Seeding  System 


For  seeding  MgO  particles  were  used.  The  gas  was  seeded  as  well  as  the  air  stream. 
This  stream  was  introduced  by  a  cylinder  with  a  diameter  of  0.6  m  surrounding  the  gas 
nozzle.  The  cylinder  is  covered  by  a  perforated  plate  and  contained  sieves  for  a  uniform 
velocity  distribution  (Fig.  1).  The  exit  velocity  of  the  air  stream  is  only  0.4  m/s,  so 
that  the  flame  burned  as  a  free  jet. 


4  .  TEMPERATURE  MEASUREMENT 


In  a  turbulent  flame  the  temperature  of  the  fluid  can  change  very  quickly.  The  fluctua¬ 
tions  can  range  up  to  10  kHz.  An  uncompensated  thermocouple  responds  too  slowly  to  repro¬ 
duce  all  fluctuations  with  the  same  accuracy.  The  principle  of  the  compensated  measuring 
technique,  which  was  first  proposed  by  Kunugl  [3]  ,  is  to  match  the  frequency  response 

of  the  thermocouple. 

The  frequency  response  of  a  thermocouple  can  be  described  by  a  simple  heat  transfer 
equation,  Eq. (2) 


T  •  Tg  +  Ts  -  Tg  =  °  (2) 

It  can  be  seen  that  equation  2  represents  a  first  order  lag.  Knowing  the  geometry  and  the 
physical  properties  of  the  thermocouple  it  is  possible  to  find  the  time  constant  t  [4,  5]  . 
In  the  present  paper  the  behaviour  of  the  thermocouple  is  modelled  as  a  first  order  lag 
to  determine  the  time  constant.  In  general 


ry  (t)  +  y  (t) 

» 

k  x  (t) 

(3) 

from  which  the 

response  to  a  step  function  is 

y(t) 

k  •  e"t/T 

(4) 

Thus 

y(x) 

- 

0.368  y  (t  -  0) 

(5) 

or  in  general. 

if  the  value  for  t  •  0  la  not  used 

y(t  +  t)/y(t)  » 

0.368 

(6) 

Eq. (5) ,  (6)  are  equivalent  to  determining  t  by  finding  the  intercept  of  the  tangent  to 
the  curve  with  the  time  axis  (Fig.  2). 


4.1  Experimental  Apparatus 


To  find  the  time  constant  the  thermocouple  was  heated  by  a  pulsed  electrical  current 
(Fig.  3) .  The  response  curve  was  sampled  by  a  signal-analysis-computer  and  t  was  calculated 
with  the  help  of  Eq.(5).  The  resulting  compensated  signal  was  filtered  by  low  pass  filters. 
The  filter  cut  off  frequency  was  determined  by  a  frequency  analysis.  During  the  analysis 
the  frequency  was  found  after  which  the  electronical  noise  became  greater  than  the  signal. 
Since  the  compensating  network  amplified  noise  and  signal  in  the  same  way  up  to  this  cut 
off  frequency,  the  noise  was  subtracted  by  an  energy  balance.  By  Eq.(7)  the  true  RMS-value 
of  the  temperature  was  determined 


RMS2  =  RMS2  ,  -  RMS2 

true  measured  noise 


(7) 


The  RMSnoise  quantity  is  dependent  on  low  pass  filter  and  t‘  ie  constant  and  was  calibrated 
before  measurement. 


For  the  measurements  a  butt  welded  Pt-PtRh  (10%)  thermocouple  with  a  diameter  of 
0.05  mm  was  used. 

5.  CORRELATION  MEASUREMENT 

A  combination  of  the  measurement  techniques  LDA  and  compensated  thermocouple  allowed 
the  determination  of  the  correlation  of  temperature  and  velocity  fluctuations.  The  relation¬ 
ship  of  these  two  quantities  is  given  by  Eq.{8): 

R  =  u't'  /  Yu*"2  •  Kt'  2  ;  -1SRS  +  1  (8) 

The  physical  significance  of  a  negative  R  is  that  a  high  temperature  occurs  with  a  low 
velocity  and  vice  versa.  If  R  =  0  there  is  no  dependence  of  the  two  fluctuating  quantities. 
If  R  is  positive,  then  a  high  (low)  temperature  coincides  with  a  high  (low)  velocity. 

5.1  Experimental  Apparatus 

For  the  correlation  measurement  the  signals  of  velocity  and  temperature  are  to  be 
measured  simultaneously  (Fig.  1).  The  trigger  signal  of  the  tracker  was  used  to  synchro¬ 
nize  the  simultaneous  measurement.  The  correlation  was  calculated  by  the  signal-analysis- 
computer  in  the  following  way.  The  correlation  may  be  expressed  in  terms  of  the  time 
averaged  velocity-temperature  uT  and  the  product  of  the  mean  velocity  and  mean  temperature 
as 

u  T’  =  uT  -  uT  (9) 

For  the  measurement  the  thermocouple  was  located  directly  above  the  LDA  measurement 
volume. 

6 .  RESULTS 


The  results  of  axial  (Fig.  4)  and  radial  (Fig.  5)  distribution  of  the  measured  quanti¬ 
ties  are  plotted  with  the  same  abscissa  scale,  so  the  various  physical  values  may  be 
compared . 

Fig.  4  shows  the  distribution  along  the  flame  axis  in  dimensionless  distance  x/d  of 
the  axial  mean  velocity  u,  the  fluctuating  velocity  Tu*2,  the  turbulence  intensity  Tu  cal¬ 
culated  fromjthese  both  and  the  radial  fluctuating  velocity  'I v' 2  .  Furthermore,  the  mean 
temperature  t  ,  the  fluctuating  quantity  Ht' 2  and  the  correlation  coefficient  are  plotted. 

The  decay  of  the  mean  velocity  along  the  axis  is  typical  for  a  jet.  Not  typical,  how¬ 
ever,  is  the  appearance  of  an  acceleration  right  after  the  nozzle.  This  increase  of  the 
velocity  at  x/d  =  10  with  the  value  of  the  exit  velocity  must  be  a  result  of  an  explosive 
expansion  of  the  jet  on  ignition  and  the  restricting  influence  of  the  oxygen  stabiliza¬ 
tion  on  the  jet.  The  effect  is  not  a  fault  of  the  measurement  technique  (LDA)  since  it 
was  also  observed  in  probe  measurements.  This  initial  acceleration  was  also  found  ^^-mea¬ 
surements  of  a  concentric  diffusion  flame  C6l  .  The  axial  fluctuating  velocity  Yvf  2 
shows  a  distribution  similar  to  that  of  the  mean  velocity.  Large  values  occur  at  x/d 
«  10.  Further  from  the  nozzle  the  fluctuating  velocity  decreases.  The  turbulence  inten¬ 
sity  increases  with  the  nozzle  distance  and  remains  constant  20%  past  x/d  *  IPO.  The 
radial  velocity  fluctuations  Yv2  do  not  behave  isotropically  with  respect  to  lu2  . 

Spire  isotropy  is  to  be  seen  near  the  nozzle  exit,  but  further  downstream  the  ratio  of 
Vv'2  /  |u'2  becomes  nearly  0.5  . 

The  distribution  of  the  mean  temperature  in  °C  along  the  flame  axis  shows,  that  the 
temperature  maximum  lies  between  x/d  »  110  and  x/d  «  120.  At  these  points  the  reaction 
zone  reaches  the  axis.  The  temperature  fluctuations  have  a  constant  value  up  to  x/d  -  60 
and  then  they  Increase  sharply.  They  reach  the  maximum  at  a  location  where  the  mean 
temperature  is  already  decreasing.  The  occurence  of  the  maximum  fluctuation  outside  the 
reaction  zone  is  also  observed  in  radial  profiles.  This  results  from  the  fact  that  the 
combustion  air  reacts  very  quickly  with  the  gas  in  the  reaction  zone .  Outside  this  zone 
eddies  of  cold  air  and  hot  gas  can  exist  side  by  side  so  that  high  fluctuations  of 
temperature  are  found.  The  increasing  fluctuations  and  the  higher  mean  temperatures  in 
the  range  from  x/d  *  80  to  x/d  >110  Indicate  that  the  reaction  takes  place  intermittently 
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on  the  axis. 

The  correlation  coefficient  R  of  fluctuating  temperature  and  velocity  is  nearly  con¬ 
stant  and  positive  up  to  the  reaction  zone.  The  value  of  R  passes  through  zero  inside  the 
main  reaction  zone  and  becomes  negative  further  downstream.  This  behaviour  is  also  ob¬ 
served  in  the  radial  profiles. 

Fig.  5  shows  the  radial  profiles  of  the  various  measured  values  at  x/d  »  60  in  the 
dimensionless  scale  y/d.  In  addition  to  the  quantities  on  the  axis  the  mean  radial  velo¬ 
city  v  and  the  shear  stress  term  u'v'  are  represented.  The  quantities  of  velocity  are 
normalized  with  the  mean  velocity  on  the  axis  with  the  exception  of  the  fluctuating  values. 

The  shear  stress  term  u'v'  has  its  maximum  at  the  point  of  the  steepest  gradient  of 
the  mean  velocity u  ,  where  the  fluctuating  velocities  in  axial  and  radial  direction  are 
also  largest.  The  profile  of  the  mean  temperature  t  ranges  from  1050°C  on  the  axis  to 
1400°C  in  the  reaction  zone.  The  temperature  fluctuations  increase  up  to  a  point  sharply 
after  the  reaction  zone. 

The  correlation  R  of  fluctuating  velocity  and  temperature  is  similar  to  that  on  the 
axis.  From  the  middle  of  the  flame  outwards  the  coefficients  are  positive,  pass  zero  in 
the  reaction  zone  and  then  become  negative.  A  check  was  made  as  to  whether  this  change  of 
sign  was  influenced  by  the  seeding  system  of  the  LDA.  The  particles  supplied  to  the  jet 
represent  gas  and  those  for  the  combustion  air  represent  air.  Different  methods  of  seed¬ 
ing  (particles  only  in  the  gas  stream  or  only  in  the  combustion  air) ,  however,  did  not 
change  the  behaviour  of  the  coefficients.  The  negative  coefficient  Indicates  that  quickly 
moving  eddies  occur  with  low  temperature  and  slow  eddies  with  high  temperature.  Between 
the  middle  of  the  flame  and  the  reaction  zone  temperature  and  velocity  fluctuations  are 
in  phase. 

The  measurement  of  u't'  indicates  that  the  u'p'  correlation  (velocity-density  fluctua¬ 
tion)  must  have  the  same  behaviour  with  reversed  tendency  in  the  sign,  because  temperature 
and  density  are  inversely  proportional.  Measurements  of  the  velocity  and  concentration 
correlation  (u‘  c  )  should  give  the  reversed  tendency. 

7.  CONCLUSION 


The  application  of  LDA  and  compensated  thermocouple  in  flames  allow  local  turbulent 
properties  of  the  reacting  flow  to  be  studied.  In  particular,  the  temperature  measurement 
and  the  correlation  velocity-temperature  fluctuation  give  information  about  the  density. 
The  results  of  the  measurements  of  the  flow  and  temperature  field  give  insight  into  the 
relationship  of  reaction  and  fluid  mechanics. 
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9 .  CAPTIONS 


Fig.  1:  Experimental  apparatus 

Fig.  2:  Step  function  of  a  1st  order  lag. 

Fig.  3:  Pulsed  heated  thermocouple. 

Fig.  4s  Axial  distribution  of  velocity,  temperature  and  correlation  coefficient  R. 

Fig.  5s  Radial  distribution  of  velocity  temperature  and  correlation  coefficient  R 
at  x/d  »  60. 
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DISCUSSION 


J  H  Whitebw.  UK 

( I )  The  .orrelation  of  discontinuous  and  continuous  signals,  each  with  significant  uncertainties,  may  result  in 

errors  Would  you  please  give  an  estimate  of  the  error  hounds  associated  with  your  correlation  measurements’ 

i  2 i  Did  you  try  to  measure  v'  T  ? 

\uthor's  Reply 

( 1 )  Comparing  the  data  measured  at  the  same  point  in  the  flow,  we  estimate  the  error  of  the  correlation  coefficient 
to  he  within  ICF*  of  the  measured  value. 

(2)  At  the  moment  we  are  not  able  to  measure  v'T'  with  our  experimental  equipment 


F  C.Gouldin.  US 

My  questions  concern  the  correction  of  laser  velocimetry  data  for  seeding  and  velocity  bias.  First.  I  notice  from 
your  paper  that  at  least  the  axial  velocity  data  are  corrected  for  velocity  bias  by  weighing  the  velocity  with  the 
reciprocal  of  the  velocity  magnitude.  Were  radial  velocity  data  corrected  in  a  similar  manner  and.  if  so.  was  the 
reciprocal  of  the  radial  velocity  magnitude  used  as  the  weighting  factor? 

Secondly,  have  you  considered  the  influence  of  seeding  particle  density  bias  on  your  results?  In  particular  I  am 
concerned  that  your  velocity  data,  corrected  for  velocity  bias,  are  in  fact  density  weighted  due  to  seeding  bias. 

Author's  Reply 

(1 )  For  the  radial  components  we  measured  the  PDF's  in  three  directions  (described  in  the  paper).  Fach  PDF  was 
weighted;  so  the  radial  velocity  is  weighted  too. 

(2)  1  did  not  consider  the  seeding  bias  errors,  but  the  velocity  bias  error.  I  think  we  do  not  need  to  correct  for 
the  seed  density,  because  for  our  measurement  a  continuous  (time  resolved)  signal  was  not  necessary. 


VELOCITY  AND  TURBULENCE  MEASUREMENTS  IN  TURBULENT  FLAMES  USING  THE  L2F  TECHNIQUE 


by 

H.  Eickhoff  and  R.  Schodl 

DFVLR- Institut  fUr  Antriebstechnik 
Linder  Hdhe,  5  K81n  90,  W.  Germany 


SUMMARY 

For  measuring  the  flow  properties  within  turbulent  diffusion  flames  a  L2F-ve loc i- 
meter  was  applied. 

Considering  the  problem  of  seeding,  some  basic  investigations  were  carried  out  witn- 
in  a  round  free  jet.  The  optically  measured  mean  velocity  and  turbulence  intensities  were 
compared  with  pitot-tube  and  hot  wire  data  respectively.  The  results  which  are  presented 
and  discussed  indicate  the  capability  of  the  L2F  velocimeter  when  it  is  applied  to  hignly 
turbulent  flows.  Mean  velocity  and  turbulence  have  been  measured  in  hydrogen-air  and  pro¬ 
pane-air  diffusion  flames  under  different  initial  conditions.  The  results  are  discussed 
with  regard  to  the  influence  of  comoustion  on  the  turbulent  flow  field. 

1 .  INTRODUCTION 

Combustion  influences  the  turbulent  flow  field  and  the  interaction  between  chemical 
reactions  and  fluid  mechanics  is  quite  complex.  There  has  been  made  much  progress  in  the 
development  of  turbulence  models  to  predict  non  reacting  turbulent  flows  which  now  are 
applied  to  flows  with  combustion  also.  These  models  containing  more  or  less  empirical 
input  need  further  experimental  verification  and  control,  respectively.  By  the  laser 
technique  velocity  and  turbulence  measurements  became  possible  without  disturbing  the 
flame  and  the  laser-Ooppler- technique  has  been  applied  to  some  diffusion  flames. 

For  the  present  investigation  a  different  technique,  the  Laser-Two-Focus  (L2F) -method  in 
a  comparative  study  of  a  series  of  propane-  and  hydrogen-flames  was  applied  to  investi¬ 
gate  the  influence  of  combustion  on  the  turbulent  flow  field  under  a  variety  of  diffe¬ 
rent  conditions. 

2.  MEASURING  METHOD 

The  experimental  flow  studies  within  turbulent  diffusion  flames  were  carried  out  by 
using  a  Laser-Two-Focus  velocimeter  that  is  available  in  the  institute.  Although  this 
technique  has  been  originally  developed  for  flow  investigations  within  high  speed  turbo¬ 
machine  rotors  it  also  operates  very  satisfactorily  in  turbulent  flames. 

2. 1  Description  of  the  L2F-technique 

The  worse  test  conditions  in  turbomachines  (backscatter  mode,  high  flow  velocities, 
flow  unsteadyness,  narrow  blade  channels  associated  with  strong  background  radiation 
etc.)  initiated  in  1972  the  development  of  the  Laser-Two-Focus-velocimeter  (L2F) . 

This  method  -  the  basic  idea  was  originally  proposed  by  Tanner  [1]  for  the  application  in 
low  turbulent  flows  -  is  quite  different  from  the  well-known  Doppler  velocimeter  insofar 
that  the  fringe  pattern  within  the  probe  volume  is  substituted  by  two  discrete  parallel 
light  beams  forming  a  light  gate  and  allowing  to  concentrate  the  available  laser  light  to 
very  high  intensity  in  the  probe  volume  which  leads  to  favourable  signal-to-noise  ratios 
even  in  worse  background  radiation  situations  as  in  turboraachines . 

In  order  to  enable  velocity  measurements  also  in  highly  turbulent  flows  new  optics 
ar.d  a  new  data  processing  system  have  been  developed.  As  a  result  a  very  compact  appara¬ 
tus  (Fig. 1 )  is  now  available  which  is  easy  to  handle  and  which  allows  to  change  the  mea¬ 
suring  point  without  any  readjustment  of  the  optical  parts. 

The  details  within  the  L2F-probe  volume  are  shown  in  Fig. 2.  Due  to  focusing  both 
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beams  have  a  converging-diverging  cross- sect: on  with  a  minimum  beam  diameter  of  to 
IS  _m.  The  distance  between  the  beams  is  fixed  to  about  0.4  mm,  whereas  the  ier.  jtr.  of 
probe  volume  along  the  optical  axis  is  limited  to  »  0,5  mm  from  the  focal  plane.  A  parti¬ 
cle  passing  through  both  the  light  beams  emits  two  successive  scattered  lipht  pulses,  the 
time  interval  of  which  corresponds  to  the  flow  velocity  perpendicular  to  the  optical 
axis.  The  occurrence  of  those  "relevant"  double  pulses  requires  however  that  the  plane  of 
the  laser  beams  is  parallel  to  the  flow  direction  which  consequently  can  be  determined  by 
turning  the  plane. 

The  details  of  the  L2F  concept  are  illustrated  in  Fig. 3 .  The  center  of  a  polariza¬ 
tion  (Rochon)  prism  used  to  split  the  initial  laser  beam  is  located  at  the  focal  point  of 
the  following  lens  L1 .  Thus,  the  beam  axes  leave  the  lens  parallel  to  each  other  while 
the  beams  themselves  are  highly  focused  at  the  second  focal  plane  of  L1  as  shown  in  de¬ 
tail  "A".  With  the  help  of  lens  system  the  "light-gate"  is  forwarded  to  the  probe  vo¬ 
lume;  its  distance  to  the  optical  device  can  be  adjusted  to  the  actual  test  environment 
by  applying  lens  systems  of  various  focal  length.  The  useful  back-scattered  light 
emitted  by  particles  passing  through  the  probe  volume  is  gathered  also  by  lens  system 
in  a  confocal  way  and  deflected  at  the  perforated  mirror  to  the  microscope  optics,  which 
-  together  with  the  succeeding  dual  hole  aperture  -  allows  each  photomultiplier  to  be 
adjusted  to  one  laser  beam  in  the  probe  volume.  Furthermore  microscope  and  aperture  mi¬ 
nimize  the  background  radiation  such  that  measurements  close  to  walls  (*»  0.5  mm)  become 
possible.  The  setting  angle  a  (Fig. 2)  of  the  laser  beams'  plane  is  varied  by  rotating  the 
beam  splitter  (Rochon  prism) .  Flight-time  measurement  and  signal  processing  are  performed 
with  modern  electronics  of  high  time-response,  operating  in  a  start/stop  mode. 

In  laminar  flows  only  a  few  measurements  are  needed  to  evaluate  the  velocity  vector. 
Turbulent  flows,  however,  require  a  considerably  larger  number  of  individual  measurements. 
In  order  to  analyse  turbulent  flows  adequately#  it  is  expedient  to  adjust  the  setting 
angle  a  in  8  -  10  steps  around  the  mean  flow  direction  and  to  take  up  to  1  000  measure¬ 
ments  at  each  angle  step.  The  collected  data  are  stored  and  classified  along  the  time 
axis  by  means  of  a  multichannel-analyzer  (probability  density  distributions) . 

Fig. 4  shows  an  oscillogram  containing  various  probability  density  distributions 
corresponding  to  different  angles  a  with  respect  to  the  mean  flow  direction.  The  x-axis 
represents  the  transit  time  of  the  particles  between  the  two  beams.  The  quantity  of  each 
time-measurement  is  arranged  along  the  ordinate.  Each  distribution  represents  the  same 
number  of  measuring  events.  The  probability  that  a  particle  travelling  along  with  the 
flow  will  be  irradiated  by  both  laser  beams  is  maximum  at  the  angle  position  a  =  0°  corres 
ponding  to  the  mean  flow  direction.  The  peak  of  the  distribution  curve  determines  the 
mean  velocity,  whereas  the  width  of  the  curve  near  the  baseline  indicates  the  maximum  ve¬ 
locity  fluctuations.  As  a  increases  the  probability  of  particle  irradiation  by  both  laser 
beams  decreases  rapidly  and  is  -  in  this  case  -  at  a  *  1 , 5°  practically  nonexistent.  Ne¬ 
gative  values  of  a  yield  the  same  results.  A  combination  of  all  data  leads  to  a  two  di¬ 
mensional  probability  density  distribution  depending  on  time  difference  (velocity  )  and 
angle  (setting  angle  a,  see  Fig. 5)  which  allow  to  calculate  the  mean  flow  vector  (di¬ 
rection  and  magnitude) ,  the  turbulence  intensities  (in  different  directions) ,  the  Reynold' 
shear  stresses,  the  skewness-factors,  etc.  More  details  on  the  technique  are  given  in 
ref.  [2]  and  [3]. 

2. 2  Measurements  within  a  round  free  jet 

To  ensure  the  applicability  of  the  L2F  velocimeter  to  highly  turbulent  flows  some 
basic  investigations  were  carried  out  within  a  round  turbulent  free  jet. 

The  nozzle  had  a  diameter  of  10  mm  and  was  the  same  as  it  was  employed  to  the  diffu¬ 
sion  flames.  The  test  flow  was  generated  by  a  small  centrifugal  compressor  that  sucked 
the  air  from  the  environmental  laboratory.  By  this  way  the  free  jet  air  as  well  as  the 
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To  verify  the  optically  measured  data  pitot  probe  and  hot  wire  measurements  were 
carried  out  within  the  same  free  jet.  The  pitch  probe  which  was  insensitive  arair.st  :1  ,w 
angle  variations  was  used  to  measure  the  mean  velocity  The  .data  were  c  c  r  re  -  ted  ay  the 
Goldstein  formula  considering  the  local  turbulence  intensities.  The  axial  turbulence  in¬ 
tensities  were  measured  by  a  hot  wire.  This  measurements  were  supported  by  the  DrVi.R- 
Abteilung  fur  Turbu lenzf orschung ,  Berlin. 

In  Fig. 6  the  mean  velocity  profile  measured  on  the  axis  of  the  free  jet  and  the  ra¬ 
dial  turbulence  intensities  are  plotted  against  x/d  (x  represents  the  distance  of  the 
measuring  point  from  the  nozzle  outlet,  d  the  diameter  of  the  nozzle).  -  The  optically 
measured  axial  mean  velocities  u  which  are  referred  to  the  mean  velocity  u  at  nozzle 
exit  (open  circle  symbols)  agree  within  an  error  smaller  than  1  %  with  the  corrected 
pitot  probe  data  (solid  line) .  The  reproductivity  of  both  data  was  within  the  same  range 
(uQ  =  90  m/s.  Re  =  6-104). 

The  radial  turbulence  intensities  were  only  optically  measured  (triangles  in  Fig. 6). 
The  range  of  uncertainty  which  increases  with  flow  turbulence  Is  indicated  in  the  dia¬ 
gram.  When  comparing  these  data  with  the  axial  turbulence  intensities  (see  Fig. 7)  the 
flow  turbulence  is  found  to  be  rather  Isotropic  up  to  x/d  =  10.  At  higher  values  of  x/d 
the  radial  turbulence  intensity  is  always  lower  than  the  axial  one  as  it  is  well  known 
from  other  free  jet  measurements.  The  agreement  of  the  optically  measured  turbulence  in¬ 
tensities  with  the  hot  wire  data  (see  Fig. 7)  is  also  very  good  except  the  deviations  at 
higher  turbulence  intensities. 

As  it  is  shown  by  these  results  the  L2F  velocimeter  is  an  instrument  appropriate  for 
performing  measurements  within  turbulent  flows.  This,  however,  in  true  as  far  as  the 
turbulence  intensity  does  not  exceed  35  %.  Beyond  that  limit  a  considerable  portion 
of  the  statistically  fluctuating  velocities  approach  sero  which  can  not  be  measured 
by  the  L2F-technique.  In  this  case  a  Laser  Doppler  velocimeter  with  frequency  shifting 
is  recommandable. 

3.  FLAME  MEASUREMENTS 

3. 1  Experimental  Arrangement  and  Conditions 

The  measurements  were  performed  with  an  argon  ion  laser  at  )00  mW  power  and  5145  8 
wave  length.  The  experimental  test  rig  is  shown  in  Fig. 9.  The  L2F-system  was  fixed  and 
the  axial  position  of  the  measuring  point  was  varied  by  moving  the  burner  along  the  axis 
of  the  working  section. 

Measurements  have  been  performed  with  propane  and  hydrogen  as  the  fuel,  respectively. 
The  central  fuel  jet  Issuing  from  a  contured  nozzle  was  seeded  with  Si02~particles.  Ini¬ 
tial  conditions  of  the  different  flames  investigated  are  listed  in  table  1 .  The  maximum 
external  air  velocity  was  1  m/s. 


1  I  4 


TABLE  1 : 


Flar.e  No. 

u  -  J 

os 

°2 

Flame  No. 

rm 
u  l— 
o  s 

• 

54 

*°2 

5 

1  1  5 

2 

54 

- 

6 

195 

3 

40 

*°2 

H2  -  let 

195 

4 

40 

- 

a ;  propane,  d  =  10  ma  b)  hydrogen,  d  =  5  mm 

In  order  to  get  propane- flames  burning  stable  at  the  nozzle  exit  a  small  amount  of 
oxygen  was  added  through  a  concentric  nozzle  as  shown  in  Fig . 9A.  Flames  No. 2  and  4, 

Table  la,  without  oxygen  addition  are  lifted  with  ignition  taking  place  at  about 
x/d  =  20.  Furthermore  hydrogen-flames  at  two  different  nozzle  -  exit  velocities  uq  -  115 
and  195  m/s ec  burning  stable  at  x/d  =  0  were  investigated  together  with  a  non  burning 
hydrogen  jet.  Table  1b. 

When  optical  velocimeters  are  applied  to  diffusion  flames  the  problem  of  seeding  must 
be  considered  because  artificial  seeding  is  required  which  must  be  resistant  to  the  high 
temperatures.  It  is  difficult  to  ensure  an  equal  seeding  rate  of  the  internal  nozzle  flow 
and  of  the  surrounding  air;  it  is  much  easier  to  seed  only  the  internal  flow,  that,  how¬ 
ever,  will  probably  lead  to  biased  measurements. 

In  order  to  estimate  experimentally  these  errors  which  have  been  discussed  by  Glass 
and  Bllger  (5]  free  jet  tests  were  performed  with  an  alternate  seeding  of  the  internal 
nozzle  flow  and  of  the  environmental  air.  The  various  results  of  these  measurements  are 
shown  ir.  Fig.  8.  In  comparison  to  the  pitot  probe  data  the  optically  measured  velocities 
turn  out  to  be  somewhat  higher  in  the  case  of  internal  nozzle  flow  seeding  and  lower  in 
the  case  of  only  seeding  the  environmental  air.  The  influence  of  the  different  seeding 
on  the  turbulence  intensities  is  opposite  compared  to  the  hot  wire  data. 

As  the  experimental  arrangement  for  the  flame  measurements  did  not  allow  uniform  seeding, 
the  cold  flow  investigations  of  the  seeding  bias  effect  may  be  taken  as  an  indication  of 
the  possible  error  of  a  few  percents  with  central  seeding  only. 

3. 2  Results  and  Discussion  of  Turbulence  Measurements 


In  Fig. 1 0  the  centreline  axial  turbulence  intensity  and  velocity  for  two  propane 
flames  (No.  1  and  No. 2)  with  the  same  nozzle  exit  velocity  of  uQ  =  54  m/s ec  are  shown. 
Flame  No.1,  burning  at  x/d  »  0  by  oxygen  stabilization  has  a  lower  turbulence  intensity 
up  to  x/d  »  40  compared  to  flame  No. 2  which  is  lifted  up  to  about  x/d  «  20.  With  the  on¬ 
set  of  combustion  in  flame  No. 2  the  turbulence  intensity  decreases  and  downstream  is 
even  lower  than  in  flame  No. 2.  This  is  due  to  different  reasons  among  which  the  buoyancy 
is  an  important  one;  the  influence  of  buoyancy  on  the  propane  flames  can  also  be  seen 
from  Fig. 1 3  where  the  axial  velocities  on  the  centreline  are  shown. 

Although  the  turbulence  Intensities  in  the  two  flames  are  very  different,  the  dashed 
lines  in  Fig. 1 0  indicate  nearly  the  same  maximum  turbulence  velocities  of  about  5  m/sec. 
In  the  next  Fig. 1 1  centreline  axial  turbulence  intensities  of  all  four  propane  flames 
are  compared  to  the  turbulence  intensity  in  an  air  jet. 

Radial  profiles  at  x/d  '  15  of  the  local  axial  turbulence  intensity  and  velocity  of 
flame  No.1  and  flame  No. 2  which  at  this  axial  position  is  a  non  burning  propane  jet  are 
compared  in  Fig. 1 2.  Due  to  the  smaller  width  of  the  flame  (No.1),  the  turbulence  inten¬ 
sity  increases  more  rapidly  in  radial  direction.  In  contrast  to  the  behaviour  of  non 


- -  1  /  2 

reacting  turbulent  jets  the  fluctuating  velocity  (u  >  strongly  increases  m  racial 
direction  and  has  a  maximum  value  of  about  twice  that  on  the  centreli..e. 

Mean  axial  velocities  on  the  centreline  of  a  H^-jet  and  of  a  H- -flame,  So. 6,  are 
compared  to  those  of  propane  flames  No. 1  -  4  in  Fig. 13.  The  more  rapid  spreading  of  the 
H^-jet  and  H^-flame  becomes  obvious.  There  is  nearly  no  decrease  of  axial  velocity  in  the 
propane  flames  up  to  x/d  =  15. 

In  the  next  Fig. 1 4  the  centreline  axial  turbulence  intensities  in  the  two  H. -flames  N 
5  and  6  being  not  very  different  from  each  other  are  compared  to  the  turbulence  intensi¬ 
ties  in  the  two  propane  flames  No. 1  and  3,  which  are  not  lifted. 

The  turbulence  intensities  in  the  hydrogen  flames  being  much  larger  over  the  whole  x/d- 
range  than  in  the  propane  flames  are  at  the  first  ten  nozzle  diameters  even  larger  than 
in  the  air  jet.  Fig ■ 15.  But  if  comparing  these  results,  the  Reynolds-number  dependence  of 
( u_1 7 )  1  /  /  u  in  turbulent  jets  has  to  be  considered  also.  The  upper  curve  representing  the 
non  burning  H^-jet  indicates  only  a  slightly  higher  turbulence  intensity  compared  to  the 
H2_f lame. 

3.3  Flow  Visualisation 


Comparing  the  results  of  the  measurements  in  the  propane-  and  hydrogen-flames  the 
largest  differences  are  observed  within  the  region  of  developing  turbulence. 

Although  no  quantitative  results  could  be  expected  a  series  of  Schlieren  pictures  had 
been  made  in  order  to  study  the  structure  of  the  flow  in  the  initial  regions  of  the 
f lames . 

Figures  16,  a  -  c  show  pictures  of  propane  diffusion  flames  at  different  nozzle  exit 
velocities,  the  nozzle  diameter  being  5  mm.  Flames  a  and  b.  Fig.  16,  are  burning  stable  at 
the  nozzle  exit  without  (^-addition,  flame  c  is  stabilized  by  oxygen.  The  light  part  of 
nearly  cylindrical  shape  inside  indicates  the  reacting  interface  and  the  onset  of  inner 
instability  of  the  laminar  shear  layer  can  be  observed  at  about  x/d  =  2-3.  Detailed  in¬ 
vestigations  of  the  stability  of  the  laminar  shear  layer  in  some  turbulent  diffusion 
flames  have  been  performed  by  Recknagel  [61.  Michalke  [7]  has  studied  theoretically  the 
influence  of  variable  density  on  the  stability  of  a  laminar  shear  layer. 

The  outer  dark  region  indicates  the  preheat  zone  and  it  seems  that  there  is  no 
strong  interaction  between  this  flow  regime  and  the  inner  jet,  the  non  reacting  inter¬ 
face  of  low  density  separating  both  regions.  This  becomes  obvious  also  from  the  onset  of 
ring  vortices  in  the  preheat  zone  far  downstream. 

Fig. 16. b  shows  a  similar  situation  with  the  onset  of  inner  instability  nearer  to  the 
nozzle  and  a  less  orderly  structure  of  the  flow.  Extensive  measurements  in  the  initial 
region  of  propane  diffusion  flames  at  low  velocities  have  been  performed  by  Yule  and 
Chigier  [8]  and  the  coherent  structure  of  the  flow  field  has  been  discussed  in  detail. 

From  Fig. 16. c  the  onset  of  fully  turbulent  flow  downstream  at  x/d  =15-20  can  be  seen, 
the  vortical  structure  near  the  nozzle  being  caused  by  the  oxygen  flow. 

Figures  17,d  -  1  indicate  the  different  behaviour  of  hydrogen  flames.  Beginning  with 
an  orderly  structure  of  ring  vortices  in  the  preheat  zone  the  flow  becomes  fully  turbulent 
near  the  nozzle.  Up  to  the  onset  of  turbulent  flow  the  reacting  interface  of  nearly  cy¬ 
lindrical  shape  can  be  identified  inside  the  preheat  zone.  A  similar  structure  as  in 
non  reacting  plane  shear  flows  [9]  with  regard  to  longitudinal  streaks  (Fig. 17,  g  and  h) 
can  be  observed.  From  the  Schlieren  pictures  it  becomes  obvious  also  that  the  hydrogen 
diffusion  flames  which  have  been  investigated  by  the  L2F  method  are  fully  turbulent  imme¬ 
diately  behind  the  nozzle.  Detailed  measurements  in  a  hydrogen-diffusion-flame  which  had 
a  regular  structure  of  ring  vortices  up  to  x/d  »  20  have  been  made  by  Altgeld  [10]. 


4. 


CONCLUSIONS 


As  it  was  proved  by  free  jet  tests  the  I.2F-velocimeter  operates  very  satisfactorily 
and  no  additional  problems  arised  when  it  was  applied  to  turbulent  diffusion  flames.  Al¬ 
though  only  the  internal  nozzle  flow  was  seeded  the  resultant  measuring  errors  were  found 
to  be  rather  snail. 


Concerning  the  turbulence  in  diffusion  flames  several  influences  of  combustion  can 
be  identified.  The  region  of  developing  turbulence  is  strongly  influenced  if  the  density 
in  the  initial  region  is  remarkably  changed  by  combustion.  Variable  density  Influences  the 
stability  of  a  free  shear  layer  (6,  7]  and  similarly  it  acts  on  the  development  of  tur¬ 
bulence. 

Heat  release  by  combustion  may  have  a  damping  effect  on  the  turbulence  as  can  be  con¬ 
cluded  from  the  measurements  in  those  propane  flames  with  ignition  taking  place  down¬ 
stream  at  about  x/d  =  20.  This  was  pointed  out  also  by  Bray  [111.  who  discussed  the  tur¬ 
bulence  energy  equation  for  variable  density  flows.  Furthermore  buoyancy  has  an  damping 
influence  on  the  turbulence  intensity. 

Concerning  the  capability  of  turbulence  models  to  predict  diffusion  flames  the  pre¬ 
sent  experimental  results  explain  the  fact  that  turbulent  hydrogen  diffusion  flames 
reasonably  well  can  be  predicted  by  the  k-e-model  [12),  which  has  been  extensively  tested 
for  constant  density  flows.  With  regard  to  hydrocarbon  flames  the  flow  field  is  strongly 
influenced  by  the  region  of  developing  turbulence  and  this  is  out  of  the  scope  of  the 
k-e-model.  However,  the  influence  of  variable  density  on  the  turbulent  mixing  process 
partially  can  be  accounted  for  by  a  density  dependent  term  in  the  shear  stress  ex¬ 
pression  [131. 
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FIGURES 


Fig. 1  Photograph  of  the  Laser-Two-Focus 
Velocimeter 


Fig. 3  Optical  set-up  of  Laser-Two-Focus 
velocimeter 


Fig.  2  Laser-Two-Focus  probe  volume 
(principle  sketch) 
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Fig. 4  Output-signal  of  the  electronic  data 
processing  system 


Fig. 5  Measured  two-dimensional  probability 
distribution 
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Fig. 6  Results  of  different  measurements 
on  the  axis  of  a  turbulent  free 
jet 

_  axial  mean  velocity  measured  by 

a  corrected  pitot  probe 

o  axial  mean  velocity  measured  by 
the  L2F  veloeimeter 


Fig. 7  Axial  turbulence  intensity  within  a 
turbulent  free  jet 

results  of  different  measurements 
•  Hotwire-measurements 
o  L2F-measurements 


Fig. 8  Results  of  L2F-measurements  within 
a  turbulent  free  jet 
-  the  seeding  was  varied. 

•  axial  mean  velocity 

-  seeding  the  internal  nozzle  flow 

o  axial  mean  velocity 

-  seeding  only  the  environmental 
air 

x  axial  turbulence  intensity 

-  seeding  the  internal  nozzle 
flow 

A  axial  turbulence  intensity 

-  seeding  only  the 
environmental  air 
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Fig. 10  Centreline  axial  turbulence  in 
tensity  and  velocity 
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Fig. 9  Experimental  test  rig 
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Fig. 12  Radial  profile  of  axial  turbulence 
intensity  and  velocity 
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Fig. 14  Centreline  axial  turbulence 
intensities 
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Fig. 15  Centreline  axial  turbulence 
intensities 
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DISCUSSION 


G.Kappler.  Ge 

( 1 )  Did  you  have  to  seed  your  flame  or  was  seeding  only  necessary  in  order  to  reduce  measuring  tune'' 

(2)  Could  you  comment  on  (he  application  of  the  L2F  method  for  measurements  in  a  real  combustor  primary 
zone?  Will  the  seeds  really  follow  the  highly  turbulent  flow  with  sharp  and  sudden  changes  of  flow  direction  ’ 

Author's  Reply 

( 1 )  In  flames  seeding  is  absolutely  necessary. 

(2)  The  L2F  technique  can  be  applied  to  every  turbulent  flow  if  the  level  of  turbulence  does  not  exceed  a  value  ol 
about  357?. 

It  is  a  basic  problem  how  far  particles  exactly  follow  a  highly  turbulent  flow  Shock-experiments  have  been 
performed  indicating  that  small  particles  follow  rapid  changes. 


J.H.Whitelaw.  UK 

(1 )  Over  a  number  of  years,  the  turbulence  intensity  in  a  fully  developed  jet  seems  to  have  decreased  to  an 
accepted  level  of  around  2S7< .  Your  results  show  22.5%.  Can  you  explain  this  further  reduction? 

(2)  The  influence  of  seeding  is  known  to  be  negligible  on  the  centre  line  but  significant  at  large  radii. 

(3)  A  comparison  between  a  mixing  layer,  such  as  that  of  Brown  and  Roshko.  and  a  jet  should  be  undertaken  with 
great  care.  In  the  two  dimensional  mixing  layer,  the  structure  is  also  two  dimensional  and  is  destroyed  by  small 
amounts  of  turbulence  in  either  of  the  free  stream  flows. 

Author's  Reply 

(1)  Obviously  the  level  of  turbulence  depends  on  the  measuring  technique.  It  is  difficult  to  give  a  conclusive 
answer. 

(2)  Our  comparison  shows  quantitative  data  concerning  the  influence  of  seeding  on  the  axis.  It  is  true  that  with 
increasing  radii  the  outer  flow  must  be  seeded  also. 

(3)  The  comparison  was  made  based  on  short-time  Schlieren  pictures  not  shown  in  the  written  report.  Of  course 
such  a  comparison  must  be  made  carefully.  The  main  difference  seems  to  be  not  the  fact  that  we  have  a  flow 
of  rotational  symmetry,  but  that  there  is  a  flame  which  has  a  decoupling  effect,  separating  an  inner  flow  with 
high  frequency  vortices  and  an  outer  flow  of  low  frequency  vortices.  The  different  stages  of  developing 
turbulence,  including  orderly  structures,  are  very  similar  to  those  in  a  plane  shear  layer. 


M.Ballarin,  Fr 

Can  you  compare  approximately  the  time  necessary  to  do  measurements  in  flows  where  the  levels  of  turbulence  are 
respectively  10%  and  30%? 

Author’s  Reply 

I  cannot  give  exact  values,  but  with  higher  levels  of  turbulence  the  measuring  time  increases  rapidly. 


W.G.Alwang.  US 

Is  it  possible  with  the  L2F  to  measure  velocity  cross  correlations  and  velocity-temperature  cross  correlations? 

Author’s  Reply 

I  don’t  know  whether  it  is  possible  to  measure  velocity-temperature  cross  correlations,  I  did  not  consider  this  point. 
1  don’t  see  that  it  could  be  possible;  but  it  is  possible  of  course  to  measure  velocity  cross  correlations. 
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SUMMARY 

In  many  applications  there  exists  a  velocity  lag  between  droplets  and  a  surround  inn 
gas.  The  measurement  of  gas  velocity  must  therefore  be  performed  separately  *rom  tne 
measurement  of  droplet  velocity.  This  is  the  objective  of  a  technique  implemented  in 
order  to  measure  gas  velocity  in  the  presence  of  droplets.  A  laser  vt'ocimeter  adjusted 
for  reference  beam  mode  has  been  used  in  a  water  spray.  Satisfactory  results  are  obtained 
and  it  is  snown  that,  providing  the  gas  flow  is  correctly  seeded  with  small  particlps  a 
velocity  measurement  of  gas  velocity  is  yielded  even  with  a  large  number  o e  droplets. 

1.  INTRODUCTION 

Spraying  of  liquids  is  encountered  in  a  wide  range  of  applications  such  as  cyclone 
separators,  dryers,  humidification  towers,  combustors.  In  most  cases  the  spraying  mech¬ 
anism  involves  a  mixing  and  entrainment  of  gas.  Numerical  models  of  this  process  have 
been  developed  and  there  is  a  need  for  experimental  validation  in  order  to  qualify  these 
models.  For  more  than  eight  years  it  has  been  possible  to  measure  the  velocity  of  drop¬ 
lets  using  a  laser  doppler  velocimeter.  Other  means  have  been  used  in  the  past  all  based 
on  photographic  techniques.  These  techniques  involved  tedius  data  reductions  and  the 
laser  doppler  velocimeter  appeared  as  an  important  improvement.  The  investigations  in 
spraying  processes  have  now  advanced  such  that  the  measurement  of  the  velocity  of  drop¬ 
lets  is  no  more  sufficient.  Since  a  considerable  velocity  lag  exists  between  droplets 
and  gas  entrained,  it  is  necessary  to  make  available  an  instrument  that  measures  the  qas 
velocity  in  the  presence  of  droplets.  Since  optical  techniques  appear  to  be  the  most 
convenient  ones,  it  was  a  logical  step  to  adapt  the  laser  doppler  velocimeter  to  gas  velo¬ 
city  in  the  presence  of  droplets. 

2.  STATEMENT  OF  THE  PROBLEM 

The  problem  of  measurement  of  gas  entrainment  is  best  illustrated  by  the  laser  photo¬ 
graph  of  figure  1.  Smoke  is  visualizing  the  gas  streamlines  while  the  droplets  are  clearly 
visible.  Gas  is  entrained  perpendicular  to  the  edge  of  the  spray  and  is  then  directly 
turned  downward.  However,  the  gas  does  not  follow  the  droplet  trajectories.  In  this  pic¬ 
ture,  droplets  are  made  fluorescent  with  a  suitable  dye.  Oil  smoke  is  the  tracer  for  the 
gas.  If  a  standard  laser  velocimeter,  adjusted  for  gas  measurement  is  used,  signals  are 
yielded  by  the  scattering  of  light  by  oil  smoke  particles  but  also  by  laser  droplets.  It 
is  therefore  very  difficult  to  discriminate  between  smoke  and  droplets. 

Because  of  the  framework  in  which  the  present  investigation  has  been  performed,  indus¬ 
trial  water  spray  nozzles  such  as  the  one  shown  on  figure  2  have  been  used.  The  nozzle 
shown  produces  a  full  cone  spray  of  coarse  droplets  :  mean  drop  diameter  is  ranging  from 
0.1  mm  to  1  mm.  Since  particles  suitable  for  seeding  are  in  the  range  of  . 1  to  1  x  10~3  mm 
we  have  to  solve  a  problem  of  measurement  of  the  velocity  of  two  very  different  particle 
sizes  and  thus  of  two  very  different  ranges  of  scattering  levels. 

3.  MEASUREMENT  TECHNIQUE 

3 . 1  Principles 

Laser  doppler  velocimetry  has  now  become  a  well  known  technique  and  is  widely  used. 
Most  applications  are  based  on  the  use  of  the  crossed  beam  mode  in  which  the  measurement 
volume  Is  obtained  by  the  intersection  of  two  laser  beams  of  equal  intensity.  This  mode 
is  also  sometimes  called  fringe  mode  (Ref.  1).  In  this  configuration,  receiving  optic 
unit  may  be  placed  anywhere  in  space. 

Another  technique  used  more  often  In  water  flows  (Ref.  2)  is  the  reference  beam  mode. 
Figure  3  Illustrates  the  basic  principle  of  this  mode.  In  this  configuration,  the  photode¬ 
tector  Is  aligned  with  one  of  the  two  beams  which  is  of  much  lower  intensity  than  the 
other  one. 

If  a  very  small  particle  crosses  the  crossover  region  of  the  two  beams,  it  scatters 
light  from  the  Intense  beam  2  In  all  directions  and  in  particular  to  the  photodetector. 

The  latter  Is  also  aligned  with  the  reference  beam  and  an  heterodyning  process  occurs 
between  scattered  radiation  and  reference  beam  thus  providing  doppler  difference.  The 
performance  of  such  a  system  can  only  be  retained  If  the  following  conditions  are  fulfilled 
proper  matching  between  reference  beam  and  scattering  light  level; 

-  allgnement  of  photodetector  with  respect  to  the  reference  beam; 
reference  beam  must  not  be  obstructed  by  scattering  particles. 

The  last  requirement  Implies  that  doppler  signals  of  significant  quality  are  only 
obtained  with  small  particles. 

It  hat  already  been  shown  that  the  crossed  beam  mode  Is  perfectly  suited  to  the 
measurement  of  the  velocity  of  large  particles.  The  suitable  optical  arrangements  are 
described  In  references  3  and  4. 
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Because  of  tne  last  requi rement  for  good  performances  of  reference  beam  «ode.  t»!s 
arrangement  appears  to  be  very  poorly  adapted  to  large  particle  «ea s uremen t  ’•■is  disad¬ 
vantage  mignt  be  taken  to  tne  advantage  of  tne  measurement  of  small  particles  since  it 
will  only  respond  to  tne  small  tracers  entrained  by  tne  gas.  Although  a  large  amount  of 
lignt  might  reacn  tne  pnotodetettor  when  a  large  particle  crosses  i't  prpbe  j*?,  * ►» 
doppler  component  of  the  signal  will  only  be  very  weak  if  existent 

We  can  therefore  adapt  a  laser  doppler  veloclmeter  to  the  task  of  measuring  eifer 
droplet  velocity  {crossed  beam)  or  gas  velocity  (reference  beam).  Such  a  method  has  al¬ 
ready  been  used  in  two  phase  gas/liquid  flows  where  both  liquid  ang  bubble  velocity  had 
to  be  measured.  An  example  of  such  development  Is  shown  In  reference  5 . 

3.2  Practical  arrangement 

The  practical  arrangement  used  for  the  i mp 1 emen ta t i o  of  the  present  reference  beam 
technique  is  shown  at  figure  4.  The  laser  is  a  HeNe  of  lb  mW ,  the  illuminating  optic 
unit  is  detailed  on  figure  5.  Neutral  density  filters  are  used  in  order  to  adjust  the 
intensity  level  of  the  reference  beam.  In  the  present  case,  the  diameter  of  tne  prooe 
volume  is  of  the  order  of  0.15  mm. 

Behind  the  photomultiplier,  the  electronic  chain  is  essentially  made  out  of  a  period 
counter  (VKI  DO  7 8 - 3 A ) .  An  oscilloscope  is  used  to  monitor  the  signal  yielded  ly  tne 
photomultiplier.  The  ratio  between  the  intensity  of  the  reference  beam  and  tne  main  one 
is  of  the  order  of  1  to  1000.  This  ratio  is  to  be  carefully  adjusted  for  optimum  vigna’ 
to  noi se  ra t i o  . 

An  oil  smoke  generator  is  used  in  order  to  provide  scattering  tracers  The  smc«e  is 
injected  in  a  chamber  installed  above  the  spray  nozzle  with  an  outlet  surrounding  it. 

This  ensures  that  a  proper  seeding  is  obtained. 

The  nozzle  is  installed  in  a  special  facility  provided  with  pumps,  metering  units  and 
water  collector.  Illuminating  and  receiving  optic  units  are  installed  at  about  1.5  meter 
apart  and  each  of  them  is  protected  against  water  droplets. 

3 . 3  Application  of  the  measurement  technique 

The  working  principle  of  the  measurement  technique  is  best  illustrated  by  the  oscil¬ 
loscope  traces  shown  on  figure  5.  The  bottom  trace  is  the  signal  yielded  by  the  photo¬ 
detector.  Each  negative  peak  corresponds  to  the  passage  of  a  large  drop  in  the  reference 
beam.  The  upper  trace  is  the  correspond! ng  filtered  signal  as  shown  after  amplification. 
This  is  the  doppl er  compo  nent Of  the  bottom  signal.  The  comparison  between  upper  and  lower 
traces  clearly  shows  that  to  each  passage  of  a  drop  corresponds  an  absence  of  doppler  com¬ 
ponent.  This  figure  demonstrates  that  the  system  actually  works  correctly  :  large  drops 
do  obstruct  reference  beam  and  therefore  cancel  out  doppler  signals.  It  can  therefo  e 
be  concluded  that  the  velocity  measured  will  be  that  of  gas  tracers  and  not  that  of  the 
large  drops. 

A  verification  of  the  correct  behaviour  of  the  system  is  made  by  comparing  the  number 
of  signals  yielded  by  the  doppler  processor  with  and  without  smoke.  With  a  proper  trigger 
level  adjustment,  the  ratio  between  these  numbers  is  larger  than  50.  Even  when  the  measure 
ments  are  performed  without  external  seeding  a  certain  number  of  signals  are  still  pro¬ 
cessed.  Tney  correspond  to  smaller  droplets,  always  present  in  a  spray  and  to  very  few 
drops  which  cross  the  probe  volume  at  Its  outside  boundary.  In  actual  measurement  these 
spurious  measurements  only  account  for  less  than  1%  error. 

3 . 4  Limitations  of  the  technique 

Although,  the  use  of  reference  beam  mode  allows  a  proper  measurement  of  qas  velocity 
in  the  presence  of  droplets,  this  technique  has  its  limitations.  The  reference  beam  is 
obstructed  by  aJJ^  drops  which  are  crossing  it  and  which  are  of  sufficiently  large  diameter. 
This  means  tnat  not  only  those  droplets  crossing  the  probe  volume  will  cause  a  drop  in  the 
signal,  but  also  those  which  are  crossing  it  along  the  whole  length.  Fortunately,  the 
reference  beam  has  its  minimum  diameter  at  the  probe  volume  and  rapidly  diverges.  This 
limits  the  length  over  which  the  droplets  are  completely  obstructing  the  beam.  However, 
when  the  concentration  of  droplets  increases,  there  is  always  more  than  one  droplet  at  a 
time  crossing  the  reference  beam.  This  causes  the  system  to  be  saturated,  no  proper 
measurement  can  be  taken  anymore.  This  type  of  limitation  is  illustrated  at  figure  7. 

The  bottom  trace  shows  the  signal  yielded  by  the  photomultipliers  :  individual  passage  of 
droplets  can  hardly  be  detected.  With  a  higher  concentration,  the  signal  becomes  essen¬ 
tially  made  out  of  noise. 

Another  limitation  of  the  method  lies  in  the  relative  size  of  probe  volume  compared 

to  droplet  diameter.  For  the  technique  to  work  at  its  dptimum,  droplets  should  be  much 

larger  than  probe  volume. 

These  two  limitations  could  be  overcome  by  using  a  beam  expander  between  the  laser 
and  the  Illuminating  optic  unit  :  this  would  result  in  a  reference  beam  of  larger  diameter 
almost  everywhere  but  the  probe  volume  which  would  be  considerably  reduced  in  size.  Such 
an  improvement  has  still  to  be  tested. 

4.  EXAMPLES  OF  MEASUREMENT 

Measurements  of  both  droplet  and  gas  velocities  have  been  performed  in  an  Industrial 

water  spray.  Oroplet  velocity  measurement  is  usually  made  with  a  crossed  beam  arrangement 

whereas  reference  beam  mode  Is  used  for  gas  velocity  (smoke  tracers).  Velocities  measured 
in  a  spray  at  a  distance  of  500  mm  from  the  nozzle  orifice  and  100  mm  from  the  centerline 
is  presented  at  figure  8  for  different  water  flow  rates.  As  expected,  entrained  gas  velo¬ 
city  is  always  lower  than  droplet  one.  Both  velocities  increase  with  water  flow  rate. 


Furtner  measurements  are  presented  in  figure  9.  The  upper  graph  represents  t'e  velo 
city  of  droplets.  Velocity  of  gas  is  sown  on  the  lower  one.  The  measurements  nave  seen 
made  at  three  different  locations.  The  results  obtained  are  in  good  agreement  wit'  e«pec 
ted  trends,  gas  and  droplet  velocities  are  decreasing  with  increasing  distance  from  no z  z  ’ 
Centerline  velocities  are  also  higher  than  velocities  measured  along  the  transversal 
direction. 

During  these  qualification  measurements,  it  was  found  that  a  reliable  result  co u’d 
only  oe  obtained  after  careful  adjustment  of  the  optical  set-up  and  proper  tuning  of  me 
drppler  processor.  Most  sensitive  parameters  are  the  ratio  of  light  intensity  between 
reference  beam  and  main  one  and  trigger  level  adjustment  on  the  processor.  ’ms  system 
allows  a  discrimination  between  noise  and  signal  which  is  critical  at  high  flow  rates. 
Finally,  seeding  level  of  the  gas  must  be  constant  and  a  rather  high  concenmation  of 
tracers  is  required. 

5.  r  L  RThER  DEVELOPMENTS  AMD  RE  COH'iC  NDAT  I ONS 

The  present  measurement  technique  has  been  implemented  using  already  existin'  equip¬ 
ment.  Considerable  improvements  in  the  range  of  operation  and  convenience  of  use  would 
be  obtained  if  a  specialized  optical  arrangement  is  developed  for  this  particular  tech¬ 
nique.  Botn  illuminating  and  receiving  units  could  be  optimized  :  illuminating  ones 
srould  include  a  beam  expander  and  variable  beam  splitting  ratio.  Receiving  one  could  be 
optimized  with  otner  kinds  of  pho tode tec  tor s . 

In  tne  processing  chain,  some  tests  have  been  made  with  a  large  particle  detector 
controlling  an  inhibition  of  the  processing.  This  device  proved  to  improve  the  discrimi¬ 
nation  between  tracers  and  larger  droplets.  Although  this  was  not  needed  in  the  present 
application,  it  could  allow  an  extension  of  the  range  of  operation  for  smaller  droplets. 

6.  CONCLUSION 

A  laser  veloci me  ter  of  reference  beam  type  has  been  used  to  measure  gas  velocity  in 
a  water  spray.  Although  the  adjustment  of  the  optical  system  is  somewhat  delicate,  good 
results  have  teen  obtained.  Examples  of  measurement  are  shown  and  demonstrate  the  use¬ 
fulness  of  such  a  technique.  Limitations  in  the  range  of  operation  have  been  found  but 
modifications  that  would  improve  this  range  are  suggested.  The  overall  results  obtained 
here  represented  a  strong  encouragement  to  further  develop  the  application  of  reference 
beam  modes  in  two  phase  flows. 
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Fig. 2  Industrial  nozzles 
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Fig.3  Reference  beam  mode  -  principles 


Fig.4  Reference  beam  mode  -  practical  arrangement 


Fig.S  Detail  of  illuminating  optic  unit 
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Fig. 6  Signals  yielded  by  the  photodetector 


Fig. 7  Signals  yielded  by  the  photodetectors.  Saturation 
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Fig. 8  Velocity  versus  water  rate 


Fig-9  Axial  velocity  change  versus  water  rate 
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sOMMA I RF 

Un  appareil  optique  utilisant  une  met  bode  4*  emi  ssi-r.  p.  absr  rr  *  :  *r.  s  i mi;',  tar.ee s  or.  ir.fr*--  •.?*» 
la  mesure  des  temperatures  instantanees  de  gaz  et  des  sondes  de  pressi  r.  i*irre'  i  --urt  “emps  de  r»;r-'n se 
pour  mesurer  le  taux  de  turbulence  ont  ete  developpes  pour  car*.*  ter  i  ser  1  ’aspect  insr  at  :>*r.r.a;  re  ies 
ments  a  temperature  elevee. 

Ces  deux  techniques  exper iraentales  sont  presentees  et  les  resultats  obtenus  sur  des  ecru 1 emer, t s 
turbulents  chauds  sont  analyses  et  compares  avec  les  indications  plus  classiques  de  la  velorimetrie  laser. 
L’extension  de  ces  techniques  de  mesure  A  l’obtention  de  spectres  de  turbulence  et  a  la  determinat ion  de 
l'echelle  integrale  par  la  methode  optique  des  faisceaux  croises  est  egalement  examinee. 


SUMMARY 


An  optical 
of  instantaneous  gas 
the  turbulence  level 


device  using  an  infrared  simultaneous  emission  and  absorption  method  for  measurements 
temperatures,  and  total  pressure  probes  with  a  short  response  time  in  order  to  measure 
have  been  developed  to  characterize  the  unsteadiness  of  high  temperature  flows. 


These  two  experimental  techniques  are  described  and  the  results  obtained  on  hot  turbulent  flows 
are  Analyzed  and  compared  with  more  classical  indications  given  by  laser  velocimetry.  The  further  applica¬ 
tion  of  these  techniques  to  obtain  the  turbulence  spectra  and  to  determine  the  integral  scale  by  the  opti¬ 
cal  method  of  crossed  beams  is  also  examined. 


1  -  INTRODUCTION 


Dans  les  foyers  de  turbomachines  la  combustion  s ' accompagne  de  fluctuations  des  concentrations,  de 
la  temperature  et  de  la  vitesse  d'ejection  des  gaz.  Ces  fluctuations  ont  une  influence  sur  le  rendement  et 
sur  les  productions  de  polluants  dans  la  chambre  de  combustion,  mais  aussi  sur  les  conditions  de  transfert 
thermique  au  niveau  de  la  turbine.  Cela  a  conduit  A  rechercher  des  methodes  appropriees  de  qual if ication  de 
l’aspect  instationnaire  des  Ecoulements  chauds  et  notamment  de  la  temperature  et  de  la  vitesse. 

Les  methodes  classiques  de  determination  de  la  turbulence  au  rooyen  d* anemometres  ou  de  thermometres 
A  fil  ou  A  film  chaud  ne  peuvent  plus  etre  utilisees  aux  niveaux  de  tempeiature  regnant  A  la  sortie  de  la 
chambre  de  combustion  ou  A  I'entrEe  de  la  turbine.  Les  techniques  d'avenir  telles  que  1 ’ anemometrie  laser 
pour  la  mesure  de  vitesses  ou  la  diffusion  Raman  anti-stoke  coherente  pour  la  mesure  des  concentrations  et 
de  la  temperature  sont  de  mise  en  oeuvre  difficile  et  les  conditions  de  leur  utilisa¬ 
tion  ne  sont  pas  toujours  reunies.  Aussi  toute  methode,  raetne  moins  performante,  mais  susceptible  de  fournir 
des  indications  sur  le  caractAre  instationnaire  de  l’ecoulement  est  A  retenir.  C'est  pourquoi  l'ONERA  a  de- 
veloppe  des  sondes  de  pression  d? arret  1  court  pemps  de  reponse  pour  caracteriser  de  maniere  indirecte  les 
fluctuations  de  vitesse  et  un  appareil  optique  de  mesure  de  la  temperature  des  ga2  utilisant  une  methode 
d’emission  et  absorption  simultanEe  en  infrarouge.  Ces  methodes  de  mesure  ne  sont  pas  sans  defaut  :  La  pyro- 
metrie  infrarouge  intAgre  les  fluctuations  de  temperature  le  long  du  faisceau  optique  et  la  mesure  de  pres¬ 
sion  d'arret  est  une  methode  perturbatrice  de  l'ecouleroent  qui  necessite  en  outre  la  recherche  d'une  rela¬ 
tion  de  correspondence  pouvant  exister  entre  fluctuations  de  pression  et  fluctuations  de  vitesse. 

La  description  de  ces  deux  techniques  experimental es  est  presentEe  et  les  resultats  obtenus  sur 
des  Ecoulements  turbulents  chauds  analyses.  En  outre  i'utilisation  sur  ces  tnemes  Ecoulements  de  la  veloci- 
mEtrie  laser  pour  la  mesure  locale  et  instantanEe  de  la  vitesse  pennet  de  valider,  A  haute  temperature,  la 
relation  entre  fluctuations  de  vitesse  et  de  pression  trouvEe  A  tempErature  moderEe  par  comparaison  avec 
les  mesures  effectuEes  au  moyen  de  sondes  A  film  chaud.  L'extension  de  ces  techniques  de  mesure  A  l'obtention 
de  spectres  de  turbulence  et  A  la  dEtermination  de  l’Echelle  in  egrale  par  la  mEthode  des  faisceaux  croises 
est  Egalement  examinee. 

2  -  PRINCIPE  PES  PIFFERENTES  METHODES  DE  MESURE  DEVBLOgPFES 
2.1  -  Mesures  de  pression  instationnaire 

Les  mesures  de  pression  nEcessitent  la  mise  en  oeuvre  de  sondes  refroidies  comportant  un  Element 
sensible  dont  la  protection  contre  1 ' environnement  A  haute  tempErature  dans  des  gaz  souvent  rEactifs  doit 
Stre  assurEe.  L'ElEment  sensible  est  un  capteur  piezoElectrique  ONERA,  20H47  ou  20H48,  plus  ou  moins  protE- 
ge  suivant  la  durEe  de  vie  prEvue  pour  la  sonde  et  la  bande  passante  souhaitEe. 

Travail  effectuE  sous  contrata  de  la  DRET  (Direction  des  Recherches,  Etudes  et  Techniques) 

de  la  SNECMA  (StE  Nationale  d'Etudes  et  de  Construction  de  Moteurs  deviation) 


I  1 . 


La  figure  la  mortre  It  sc beau  d'une  sonde  d' arret  de  forme  rlassiqu*  romportant  ur  capreur  aff leu- 
rant  .  L'ne  circulation  d'eau  maintient  ’.a  structure  de  la  sonde  a  une  temperature  ronvenahl e  et  -me  protec¬ 
tion  de  la  surface  sensible  est  assure*  au  moyen  d’un  elastomer*  qui  se  carbonise  progress  1  vemer.t  .  La  dure* 

de  vie  du  capteur,  variable  aver  les  conditions  d'essais,  est  de  I'ordre  de  in  minutes  A  ’  lOTs  K  sous  «  bar. 
La  bande  passante  est  tr£s  elevee  (300  kHz  environ). 

Dins  le  montage  de  la  figure  lb  »e  corps  de  la  sonde  esr  cyl  indrique  et  le  capteur,  *.~.u  jours  pro¬ 
tege  par  un  elastomere,  est  place  au  fond  d'une  cavite  face  A  1  *  eroul  ement  et  ses  performances  sent  semb’.a 

hies  a  cellea  de  la  precedent*.  Par  centre  dans  la  sonde  cylindrique  de  la  figure  1c  1 'element  sensible  est 

place  1 atera 1 ement  dans  une  cavite  refroidie.  Sa  bande  passante  n'est  plus  que  de  10  kHz  environ  ma ; s  la 
duree  de  vie  aetnble  tres  grande  pour  une  temperature  ne  depassant  pas  1  *oo  g. 


— •  Des  etudes  effeetuees  a  temperature  moderee  ont  montre  que  les  fluctuations  de  pression  d'arret, 

Tr»$,  et  les  fluctuations  de  vitesse,  V+mi  ,  mesurees  au  moyen  d'une  sonde  3  film  chaud,  sent  reliees  par  la 
relation  : 


(1) 


oii  l  on 


TV  ws  s 

r77* 


-  K 


V  r  r*  s 


peut  prendre  pour  ^  et  V  les  valeurs  moyennes  de  la  masse  volumique  et  de  la  vitesse. 


L'analyse  de  ces  mesures  effeetuees  dans  des  conditions  d’essais  variees  au  moyen  de  divers  types 
de  sondes  montre  que  le  coefficient  K  est  de  l’ordre  de  2.  Une  conclusion  analogue  est  egaletnent  propcsee 
dans^l}.  Un  bon  recouperoent  entre  les  densites  spectrales  energetiques  des  deux  types  de  mesure  est  egale- 
ment  observe  (figure  2). 


La  relation  de  proport ionnal i te  entre  les  fluctuations  de  pression  d’arret  et  les  fluctuations  de 
vitesse  s'explique  s'il  est  possible  de  negliger  les  fluctuations  de  pression  statique.  Ff feet i vement  les 
etudes  de  Batchelor  £  2 }  conduisent ,  dans  le  cas  de  la  turbulence  homogene,  A  relief  fluctuations  de  pression 
statique  et  fluctuations  de  vitesse  sous  la  forme  : 


Ce  terme  est  evideranent 


* 


general ement  tres  faible  devant  la 


fluctuation  de  pression  d'arret 


Ces  conclusions  laissent  supposer  que  I'effet  d’ integration  de  la  mesure  par  sonde  est  negligeable. 
Ce  resultat  demande  toutefois  3  etre  confirrae  par  des  essais  effectues  dans  des  ecoulements  varies  afin  de 
preciser  notamment  1' influence  de  l'echelle  de  la  turbulence. 


2.2  -  Mesures  des  temperatures  de  gaz  instantanees 

La  methode  optique  de  mesure  de  temperature  des  gaz  mise  au  point  a  l'ONF.RA  pour  les  gaz  3  hautes 
temperatures  issus  des  moteurs  fusee  £ 3j,  et  fonctionnant  dans  le  visible,  a  et£  adaptee,  par  transposition 
dans  1 ' inf rarouge,  aux  ecoulements  gazeux  des  bancs  thermiques  dont  la  temperature  est  beaucoup  plus  basse 
[*]. 


La  methode  consiste  3  enregistrer  simul tenement ,  grace  3  deux  detecteurs,  les  signaux  monochroma- 
tiques  provenant  d'une  part,  d'une  source  de  reference  aprSs  traversee  de  la  flamne  et  d'autre  part,  de  la 
flamme  seule.  La  connaissance  de  la  temperature  de  luminance  monochrotratique  de  la  source  permet  alors  de 
calculer  3  chaque  instant  la  temperature  moyenne  de  la  flamme  ainsi  que  son  facteur  d 'emission.  Le  temps  de 
reponse  n'est  limite  que  par  la  constante  de  temps  des  recepteurs  et  celle  de  1 ' enregistrement  des  signaux. 

L' application  de  cette  methode  dans  le  visible,  sur  des  flammes  generalewent  transparentes  dans 
ce  domaine  spectral,  necessite  l'addition  d'un  sel  de  sodium  qui  augmente  l'emissivite  de  la  flamme  sur  les 
raies  de  resonance  du  sodium.  L'intervalle  spectral  est  alors  impose  par  un  monochromateur  et  on  utilise  des 
photomul tiplicateurs  dont  le  temps  de  reponse  est  de  l'ordre  de  la  microseconde .  Les  appareils  ainsi  equipes, 
et  raaintenant  commercialises  sous  le  nom  de  MT4,  ont  et£  utilises  dans  de  nombreuses  applications  sur  des 
flammes  dont  la  temperature  etait  comprise  entre  !  400  K  et  5  000  K. 

La  transposition  dans  1' infrarouge  permet,  en  utilisant  1 'emission  propre  des  gaz  due  soit  3  la 
vapeur  d'eau  soit  au  gaz  carbonique,  de  s'affranchir  de  tout  ensemencement .  Les  raies  emises  sont  alors 
suf f isamment  serrees  pour  admettre  une  faible  resolution  spectrale  qui,  jointe  3  ^utilisation  de  detecteurs 
3  1 ' ant imoniure  d' indium  refroidis  3  1'azote  liquide,  permet  la  mesure  de  temperatures  aussi  basses  que 
600  K.  L'intervalle  spectral  est  impose  par  un  simple  filtre  interferentiel  de  largeur  relative  4  Z>  ce  qui 
simplifie  considerablement  1'appareil. 

Le  schema  optique  du  dispositif  qui  permet  de  discriminer  les  signaux  provenant  de  la  source  et 
de  la  flamme  est  presents  figure  3.  L' image  de  la  source  S  est  form£e  dans  le  plan  C  par  la  lentille  LI.  La 
lentille  L2  en  reforme  une  image  dans  le  plan  de  la  flamme.  L'optique  L3,  qui  supporte  le  diaphragme  d'ouver- 
ture,  conjugue  les  plans  images  precedents  sur  le  diaphragme  de  champ  D.  La  lentille  L 4  permet  le  transport 
de  1' image  monochrome tique,  isolee  par  le  monochromateur  M,  sur  le  miroir  prismatique  P  qui  la  divise  en  deux 
parties  sensiblement  egales.  GrSce  aux  lentille*  L5  une  moiti£  de  l'£nergie  arrive  sur  un  r£cepteur  R-t, 

1 'autre  moiti€  sur  un  rlcepteur  R2.  Un  couteau  plac£  dans  le  plan  C  peut  etre  d€plac€  de  faqon  3  diviser 
1* image  exactement  comme  le  miroir  prismatique.  L'un  des  rfccepteurs,  par  exemple  RJ,  ne  reqoit  alors  plus 
aucune  £nergie  provenant  de  la  source,  alors  que  le  signal  d£livr£  par  R4  n'a  pas  chang£. 

Si  la  flanrae  est  horaogdne  en  temperature  les  signaux  Y4  et  Y2  d£livr£s  par  Rd  et  R2  sont  donr>£s 
par  les  relations  suivantes  f  3l  : 

Yl  *  Ki  *  K2L(A,7»).  £ 

Yl*  Kn(X.Tr/.£ 

Corap te  tenu  des  differences  de  sensibility  dee  detecteurs  et  des  etendues  gfonetriques  des  fais- 
ceeux  incidents,  les  coefficients  de  proportionality  et  Kz  ne  sont  pas  identiques  mais  il  est  toujours 
possible  de  lee  £galer  en  jouent  sur  lee  etages  d* amplification , 


u  * 


£  *st  le  facteur  d’emieiion  defini  par  :  ^ 

£  CA)  *  f  -  expj^  - 

oO«(<'A,*')  eat  le  coefficient  d'ewission  aonochromat i que  local  £gal  au  coefficient  d'abaorption  d'apr^a  la 
loi  de  Kirchoff. 

On  remarquera  que  £  depend  de  I’epaisseur  de  la  f  1  ansae  £,  La  connaissance  de  la  luminance  aonochro- 
matique  de  la  source  LCA.Tus  )  pernet  alors  de  calculer  3  chaque  instant,  par  la  resolution  de  ce  syst£me 
de  deux  equations,  les  inconnues  L(A#TV  )  et  £(A)  oil  L(A,  TV  )  est  la  luminance  monochrofnat  ique  du  corps  noir 
3  la  temperature  de  la  flanmeTf.  Un  calculateur  analogique  permet  d’effectuer  ce  calcul  en  temps  reel.  La 
loi  de  Planck  pour  la  longueur  d’onde  A  pennet  ensuite  de  remonter  3  la  temperature  de  la  flaame. 

Le  calcul  d'erreur  montre  que  la  precision  de  la  mesure  est  d’autant  plus  grande  : 

-  que  I’on  travaille  au  plus  pres  du  point  de  renversement  defini  par  l'egalite  des  temperatures  de  la 
flararoe  et  de  la  source, 

-  et  que  le  facteur  d’emission  de  la  flamroe  £  est  proche  de  l'unite. 

Cette  precision  peut  etre  de  l’ordre  du  pourcent. 

L'etude  detaillee  £4  3  du  principe  de  mesure  nous  a  permis  de  souligner  que  la  temperature  mesur^e 
n'a  de  signification  claire  que  si  la  temperature  de  la  flanine  est  uniforme  sur  tout  le  volume  gazeux  tra¬ 
verse  par  les  faisceaux  optiques  et  que  la  mesure  interesse  tout  ce  volume.  Malgre  cela,  lorsque  toutes  les 
caracteristiques  du  milieu  (concentrations,  temperature)  varient  en  tout  point  et  3  tout  instant  de  faqon 
aleatoire,  on  montre  qu' il  est  possible  de  decoupler  les  fluctuations  de  temperature  et  d'£missivite  3  condi¬ 
tion  que  la  turbulence  soit  stati9tiquemenr  homogene  et  que  les  fluctuations  d’emissivite  soient  de  faible 
amplitude  vis-3-vis  de  la  valeur  moyenne.  Pour  cela  on  se  place  sur  une  bande  d’emission  pour  laquelle  le 
facteur  d'emission  est  tres  faible  et  on  travaille  au  point  de  renversement  defini  par  l'egalite  de  la 
temperature  de  la  source  et  de  la  temperature  moyenne  de  la  flamme. 


Dans  ces  conditions,  et  pour  un  faisceau  optique  tres  etroit^jen  comparaison  de  I'echelle  integral* 
de  la  turbulence,  on  montre  que  les  fluctuations  du  signal  Y>1,  notees  Y-i  (t),  sont  donnees  par  1' integral* 
sur  le  trajet  optique  des  fluctuations  de  la  luminance  du  corps  noir  Lp  (Tf  (*,t))  3  la  temperature  locale 
de  la  flame  Tf  (*,t )  ^  _  .  t  ^ 

Y-i  It)  ~  K-4  .  .  J  Lp^  T  f/r,tl)c\-x 

_  O 

<A  est  la  valeur  moyenne  du  coefficient  d’emission,  independant  de  ^  et  de  t  puisque  le  milieu  e^t  suppose 
statistiquement  homogdne. 


Si  les  fluctuations  de  temperature  sont  de  suff isamment  faible  amplitude  il  est  possible  de  line- 
ariser  la  loi  de  luminance  L(T)  au  voisinage  de  la  temperature  moyenne^p  et  obtenir  ainsi  1* integrals  des 
fluctuations  de  temperature  sur  le  trajet  optique  :  ^ 

?A(t)  -  *4  .  *  t.  Hr /Tf).  4  [  Tr(*.,tr>4* 

tz  7  ~3T  l  ) 

avec  *  C  le  facteur  d’emission  moyen.  0 


Cette  relation  peut  encoi£  s’ecrire,  en  faisant  apparaitre  une  temperature  moyenne  instantan£e 
equivalent e  Jl  (t) ,  de  f luctuat ion  JL  (t ) ,  : 


avec. 
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Evidenment  la  mesure  des  fluctuations  de  temperature  est  affectee  par  1’ integration  sur  le  trajet 
optique.  On  montre  f 4 J  que,  lorscug  la  longueur  d’ integration  t.  est  grande  devant  I’echelle  integrate  de  la 
turbulence  A.  ,  variance  mesuree  JT1  et  variance  locale  T*  sont  proport ionnel les .  Le  rapport  de  proportion- 
nalitd  est  trouve  egal  au  rapport  du  double  de  I’echelle  integrate  3  la  longueur  d* int£grat ion  : 
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L'effet  d' integration  peut  done  etre  tr3s  important  et  il  est  nlcessai 
:ale,  de  determiner  I'echelle  intSgrale. 


ire,  pour  remonter  3  la  va- 


2.3-  Mesure  de  I'echelle  integrate 


a)  Faisceaux  orthogonaux 

Cette  technique  conaiste  3  meaurer  la  niveau  de  correlation  entre  deux  mesures  optiques  sur  deux 
trajets  orthogonaux  et  progreasivement  eioignts  l'un  de  l'autre  come  le  montre  la  figure  4.  Les  points  A 
et  B  dllimitent  la  plus  courte  distance  d  des  dsux  droitss.  Si  l'on  ddcoupe  les  deux  trajets  optiques  en 
intervales  da  longueur  2  A  (an  prenant  A  et  8  come  point  milieu  de  l'un  des  intervalles),  chacune  des 
mesures et  jl%  est  la  moyenne  des  grandeurs  inddpendantes  attachBas  1  chacun  des  Ailments  constituent 
l'un  des  trajets  optiques.  On  conqoit  que  seuls  les  deux  intervalles  incluant  la  point  A  ou  B  donneront  une 
contribution  notable  3  la  correlation  antra  Jt.  et  Jli  puisque  la  distance  antra  toua  lea  points  des  autras 
intervallaa  sara  supBrisura  3  l'Bchelle  integrate  A. 

Si  on  appella  ft  (4 )  la  fonction  da  correlation  ainsi  obtenua,  on  montre  [4 J qu'elle  eat  relies 
3  la  fonction  de  correlation  1  2  points  dans  la  milieu  R  (#3  par  : 
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En  particular  la  correlation  en  faisceaux  croises,  pour  d  -  0,  eat  donne.  par  : 

F>'°'  =  f7  A* 

,  tt 

A  eat  une  echelle  int^grale  differente  de  celle  utilisee  jusqu'ici  et  definie  par  : 

A'*  _  (  RW  8 

Tl  Js 

la  normalisation  de  j^(A)  par|3(o)  permet  de  definir  la  fonction  sans  dimension  rfj  (d l 

I1"*  P'A)  - 

ji  <»>  v  A  M 


dont  1' inversion  donne  : 


R/e)  = 


2.f.  A1 
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On  voit  qu'il  esc  necessaire  pour  obtenir  R  de  tracer  en  fonction  du  parametre  d 1 
ette  derivee  3  l'origine  pertoec  de  calculer  A/  * 


et  d'en 


prendre  la  derivee.  La  valeur  de  cet 


engine  permet 
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Enfin  1 1  integration  de  cette  fonction  derivee  sur  d  permet  d'obtenir  une  relation  entre  J\.  et 
et  done  de  calculer  : 

,  oo 
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La  methode  des  faisceaux  orthogonaux  permet  done  bien  de  determiner  l’echelle  integrale  ;  elle 
permet,  mieux  encore,  d’obtenir  la  fonction  de  correlation  a  deux  points,  mais  a  pour  inconvenient  d'etre 
longue  (il  faut  effectuer  des  mesure9  point  par  point)  et  assez  peu  precise  (la  fonction  R  s'obtient  par 
derivation  de  la  fonction^).  Aussi  on  a  recherche  et  on  propose  une  mesure  plus  simple  d£riv£e  de  celle-ci. 
Elle  consiste  3  mesurer  la'  correlation  normalisee  en  faisceaux  croises. 

b)  Correlation  normalisee  en  faisceaux  croises 

XI  est  toujours  difficile  d'effectuer  des  mesures  absolues  et  ceci  est  egalement  vrai  pour  les 
correlations.  Ce  que  donne  l£,  trajjcproent  numerique  e'est  la  correlation  normalisee  par  les  valeurs  quadra- 
tiques  moyennes  des  mesures  SL^  etj/^.  Or  nous  avons  donne  une  expression  de  ces  valeurs  quadratiques  moyen- 
nes  : 
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La  correlation  en  faisceaux  croises  donnee  par 


devient  apr&s  normalisation 
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Pour  aller  plus  loin  on  admet  que  les  deu*  Schelles  integrates -A- et A  sont  voisines.  C’est  le  cas 
lorsque  l’on  admet  pour  la  fonction  de  correlation  R  une  loi  exponentiel le  ;  on  a  alors  rigoureusement 
A.  “A-  ■  Pont  une  gaussienne  on  trouve  : 
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Or  ce  sont  deux  cas  extrimes  correspondant  a  un  nombre  de  Reynolds  de  turbulence  soit  tris  grand 
(cas  de  l’exponentielle)  soit  tr*s  faible  (cas  de  la  gaussienne)  fsj.  On  admettra  que  pour  les  Reynolds 
intenaediaires  cette  quaii-egalitl  tient  encore.  Dana  cas  conditions  Is  correlation  normalisee  en  faisceaux 
croists,  joints  a  la  connaissance  des  longueurs  d' integration  L  et  l,  >  psrmet  de  calculer  l'echelle  inte¬ 
grals  :  t - 

A  *  XitL  [*X 
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II  est  A  remarquer  que  la  m£thode  des  faisceaux  orthogonaux  ne  faisait  pa#  intervenir  le*  longueur* 
d ' integrat ion.  La#  deux  m£thodes  #ont  done  independante* .  Dan#  la#  deux  c«*,  la*  correlation*  sont  d'autar.t 
plus  faibles,  done  difficile#  A  mesurer,  qua  ce-  longueurs  #ont  grande#  devant  l'£rhells  integral#. 

c)  Influence  da  l'epaisseur  des  faisceaux 

Tou#  ces  resultats  supposent  las  faisceaux  optique#  infiniment  etroics,  ca  qui  n'est  pa#  physique- 
ment  realisable.  'Vi  -wrotre  3  que  1  * integrat ion  supplement* i re  sur  les  dimensions  t ransversal e#  de#  fais¬ 
ceaux  apporte  une  contribution  negligible  si  I'epaisseur  des  fai sceaux.e, est  petite  devant  I'erhelle  inre- 
graleA.  Les  termes  correctifs  sont  en  effet  d'ordre  (*/2«A-)a  et  pour  de*  faisceaux  larges  de  <  sr  et  une 
echelle  integrale  d'environ  1  cm  la  precision  des  mesures  est  encore  de  1  pour  cent. 

2.4  -  Velocimetrie  laser 


Le  principe  de  cet  appareil  consiste  A  creer  dans  la  zone  df intersect  ion  de  deux  faisceaux  laser 
de  meme  longueur  d'onde  (514,5  ma),  un  reseau  de  franges  d ' interferences  optiques  regul ierement  espacees. 

Le  passage  A  travers  celles-ci  de  particules  diffusantes  entraTnees  par  le  fluide  donne  naissance  A  une 
succession  d'emissions  lumineuses  dont  la  frequence  est  proport ionnel le  A  la  vitesse  des  particules  dans  la 
direction  perpendiculaire  aux  franges.  Si  ces  particules  sont  suffisanment  petites,  leur  propre  vitesse  ins- 
tantanee  est  tres  senaiblement  celle  du  fluide  porteur.  Pour  des  raisons  de  compatibility  avec  la  temperature 
du  fluide,  le  materiau  retenu  est  une  poudre  ultra-fine  de  dioxyde  de  zirconium  dont  le  diametre  caracte- 
ristique  est  de  l'ordre  du  micron.  Mises  en  suspension  dans  un  jet  d'air  par  un  dispositif  A  double  flux 
tourbi 1 lonnaire,  elles  sont  injectees  dans  la  soufflerie,  en  amont  du  foyer . L' interfrange  est  de  m  et 

le  diametre  du  volume  de  mesure  d'environ  120^m. 

Les  signaux  lumineux  captes  par  un  telescope  type  Cassegrain  sont  successivement  valides  (pour 
separer  grosses  et  petites  particules)  puis  f litres  et  mis  en  form#  par  un  compteur-f requencem£ t re .  La  ca¬ 
dence  d'acquisit ion  de  ce  compteur  est  faible,  inferieure  A  300  par  seconde.  Ce  compteur  est  relie  A  un 
ordinateur  gerant  1'acquisition  des  donnees  de  la  soufflerie.  Lorsque  le  nombre  de  particules  validees  est 
suffisant  (I  000  particules  au  minimum)  l'ordinateur  calcule  la  vitesse  moyenne  et  son  ecart  type  er.  suppo- 
sant  la  distribution  gaussienne. 

Les  signaux  captes  et  mis  en  memoire  dans  l'ordinateur  sont  ensuite  transferes  sur  une  bande  raagne- 
tique  et  mis  en  reserve  pour  un  traitement  ulterieur  comme  par  exemple  le  calcul  de  la  distribution  des  vi- 
tesses  (histogrammes) . 

Lorsqu'il  s'agit  d'obtenir  des  spectres  de  turbulence  de  vitesse  d'ecoulement  un  compteur  rapide 
du  type  DISA,  permettant  1'acquisition  d'une  mesure  toutes  les  10  microsecondes,  est  utilise.  Dans  ces  con¬ 
ditions  la  limitation  de  la  bande  passante  n'est  plus  due  au  compteur  mais  A  1 1 insuf f i sance  du  flux  en  par¬ 
ticules  (plusieurs  milliers  de  particules  sont  necessaires  par  seconde) .  Bien  entendu,  la  discretisation  du 
signal  pose  un  probleme  de  traitement.  On  le  resoud  facilement  grace  A  1 'utilisation  de  la  tension  analogi- 
que  proportionnel le  A  la  frequence  instantanee  mesuree  que  delivre  l'appareil.  Cette  tension  analogique 
subsiste  entre  deux  mesures  successives  si  bien  que  le  signal  presente  1 'allure  de  marches  d'escalier  qui 
se  rapprochent  d'autant  plus  du  signal  reel  que  les  mesures  sont  plus  serrees.  Ce  signal  est  traite  coTime 
un  signal  continu. 

3  -  EXEMPLES  P' APPLICATIONS 

3. 1  -  Mesure  du  taux  de  turbulence  aerodynatnique  au  moyen  de  sondes  de  press ion  d' arret 

Les  taux  de  turbulence  mesures,  d'une  part  au  moyen  d'une  sonde  de  press ion  d' arret  A  court  temps 
de  reponse  et  d'autre  part  par  velocimetrie  laser,  ont  ete  compares  lors  de  la  caracterisat ion  de  l’ecoule- 
ment  issu  d'une  chambre  de  combustion  industrielle.  Les  mesures  ont  £te  effectuees  A  mi -hauteur  de  veine  sur 
un  secteur  angulaire  de  l'ordre  de  90®.  La  figure  5  resume  les  resultats  obtenus.  Un  bon  accord  apparait 
entre  les  indications  des  deux  techniques  de  mesures  utilisees,  confirmant  ainsi  A  haute  temperature  la  re¬ 
lation  de  correspondance  entre  fluctuations  de  pression  d'arret  et  de  vitesse  d'ecoulement  Stabile  A  partir 
d'Studes  sur  des  Scoulements  A  temperature  moderee. 

Les  variations  azimutales  du  taux  de  turbulence  observSes  sur  la  figure  5  sont  liees  A  la  geomS- 
trie  psrticuli&re  de  la  chambre  de  combustion  experiments  (presence  des  Cannes  de  prevaporisation  et  des 
orifices  de  dilution). 

3.2  -  Caracterisat ion  des  fluctuations  de  temperature  et  de  vitesse  d'ecoulement  dans  un  montage  d'Stude  de 

la  combustion  turbulente 


La  mSthode  optique  de  mesure  des  fluctuations  de  temperature  et  la  vSlocimStrie  laser  ont  StS  ap- 
pliquSes  A  1' analyse  de  l'Scoulement  dans  un  montage  d' etude  de  la  combustion  turbulente. 


Dans  ce  dispositif  experimental  un  Soulement  pr€m€lang6  air-methane  est  enflanne  et  la  combustion 
stabilise#  par  un  ecoulement  parallfele  de  gaz  A  haute  temperature  issua  d'un  foyer  auxiliaire  (figure  6). 

La  veine  est  bidimensionnelle,  de  section  100  x  tOO  mm,  et  la  conduite  d'arrivee  des  gaz  de  stabilisation 
a  pour  hauteur  19  urn.  La  vitesse  initiate  moyenne  de  1 'ecoulement  frais  est  de  l'ordre  de  55  m/s,  la  richesse 
0,8,  et  la  temperature  600  K.  La  vitesse  moyenne  des  gaz  chauds  est  d'environ  110  m/s  et  leur  temperature 
2  000  K. 


L' installation  d'easaia  n'etant  pas  rsfroidie,  seuls  sont  possibles  des  essais  de  courte  dur€e 
(environ  30  s) . 


3.2,1  -  Anal^sedi^la^turbulence^thermigue 

Les  ms suras  de  fluctuations  de  temperature  par  pyrometrie  optique  ont  £t£  limitees  I  1 'exploration 
d'un  plan  situ*  A  42  am  du  point  de  confluence  des  deux  dcoulements  pour  different#*  distances  £  la  parol 
inferieure  :  10,  15,  20,  25,  30  et  45  an.  Ces  points  de  mesure  sont  indiquds  sur  le  schema  da  la  figure  6. 


* 
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Au  contraire  des  gaz  cha’-ds  issus  d  *  un«  combustion,  les  gaz  frais  contiennent  tr*s  p<*-:  ie  gar 
carbonique  at  da  vapeur  d'eau  at  lea  ewiaai  vitas  des  una  et  des  autrea  sont  tras  d  i  f  farer.tea .  Pour  ie»  r  ^- 

procher  il  a  <*te  necesaaire  d’introduire  dans  lea  gaz  frais  une  faible  proportion  de  gaz  carbonique  et  f  iti- 

liaer  la  longueur  d'onde  4,25  pour  laquelle  o.e  gaz  present*  un  maximum  d  '  etni  s»;or. .  A  cette  longueur  f  r  n  d  e 
le  hublot  de  ailice  eat  opaque  et  le  passage  du  faisceau  infrarouge  a  ete  assure  grace  A  deux  orifice#  de 
8  mn  de  diaro^tre  perces  face  3  face  dans  lea  elements  mobiles  des  parois  laterales.  La  translation  de  -e# 
paroia  permet  le  deplacement  du  point  de  mesure.  Les  essais  ont  £te  effectu^s  3  rirhesse  egale  A  o,a  na ; a 

aussi  3  richesse  nulle,  done  sane  inflammation  :  on  a  alors  siaplement  un  melange  des  deux  ernulemer.ts  de 

temperatures  differentes. 

Les  mesures  instantan^es  sont  enregistrees  sur  bande  magn£tique  analogique,  en  vue  de  leur  traire- 
ment  en  temps  differe.  La  numerisat ion  d'un  essai  de  30  secondes  fournit  ainsi  675  OOO  points  de  mesure, 

soit  un  point  toutes  les  25p-s.  Cea  625  000  points  de  mesure  permettent  de  tracer  avec  precision  lea  histo- 

granmes  relatifs  3  la  temperature.  Ce  calcul  s’effectue  par  valeurs  discretes  de  pas  10  K. 

Les  figures  7  et  8  presentent  les  histogratnmes  obtenus  pour  la  richesse  0,8  et  la  richesse  nulle 
pour  une  exploration  verticale.  Les  fluctuations  sont  importantes  et  fortement  non  gaussiennes,  le  pic  de 
gaz  chauds  s’estompant  progress ivement  pour  laisser  place  3  un  pic  de  plus  en  plus  £troit  vers  les  basses 
temperatures.  On  en  deduit  les  profils  de  temperature  moyenne  et  les  hearts  types  correspondants  (figure 
9).  La  difference  est  peu  sensible  entre  les  deux  conditions  d'essais  ;  cela  tient  sans  doute  au  choix  de 
la  section  de  mesure,  encore  tres  proche  du  point  de  confluence  des  deux  Seoul ements. 

3.2.2  -  £se_des_fluctuat ions  jie_vites8e_cT  ecoul emeu t 

Pendant  les  essais  les  mesures  de  vitesse  instantanee  eifectuees  par  vSloc imet rie  laser  sont 
enregistrees  sur  bande  magnetique  numerique  en  vue  de  leur  analyse  en  temps  differe. 

Un  prograrane  de  traitement  permet  de  tracer  les  histograranes  dont  un  exetnple  est  donnS  figure  10. 

II  correspond  3  la  premiere  section  de  mesure  situSe  3  42  mm  en  aval  de  la  confluence  des  deux  Scoulements. 

On  peut  distinguer  plusieurs  formes  A 'hi stogrammes  correspondant  3  diverges  zones  successives  dans  le  foyer  : 

Dans  les  gaz  frais  pres  de  la  paroi  superieure  du  foyer,  ( y  •  90  ran),  1 'histograone  presente  un  seul  pic 
centrS  3  65  m/ s  et  correspondant  3  l'ecoulement  initial  3  55  m/s.  La  difference  des  vitesses  s'explique 
d'une  part  par  une  leg3re  acceleration  de  l'ecoulement  et  d'autre  part  par  le  fait  que  les  vitesses  ini- 
tiales  sont  calculees  sans  tenir  compte  des  couches  limites.  On  note  egalement  sur  cet  histograrane  un  pe¬ 
tit  pic,  centre  3  35  m/s,  correspondant  3  des  signaux  imparfaitement  el imines  par  le  systeme  de  validation 
ces  valeurs  erronees  ont  une  trds  grande  importance  sur  le  resultat  du  calcul  de  la  turbulence  :  el les 
doivent  2tre  ecartees  avant  d'effectuer  ce  calcul. 

-  Toujours  dans  les  gaz  frais,  mais  plus  pres  de  la  zone  de  combustion  (y  •  30  ran),  1 'histogramme  devient 
plus  large,  ce  qui  correspond  3  une  augmentation  de  la  turbulence. 

-  Au  debut  de  la  zone  de  melange  et  combustion  (/  *  20  ran)  1 'histogramme  se  dSforme  et  pr£sente  alors  un 
sillage  important  vers  les  fortes  vitesses. 

-  Au  centre  de  cette  zone  de  melange  (y  *  15  ran)  on  obtient  un  histograrane  3  deux  pics,  de  hauteurs  sensi- 
blement  6gales,  correspondant  aux  deux  ecouleroents . 

-  Enfin,  dans  le  sillage  des  gaz  de  stabilisation  (/■  10  mm)  on  retrouve  un  histograrane  3  un  seul  pic  pro- 
venant  de  l'ecoulement  chaud. 

La  connaissance  des  histogranmes  est  n€cessaire  avant  le  calcul  des  vitesses  moyennes  et  des 
ecartg-types  car  elle  permet  d'$liminer  les  valeurs  provenant  d'une  validation  injustifi€e  et  qui  peuvent 
induire  des  erreurs  importances,  notaranent  sur  la  turbulence.  Les  profils  transversaux  de  vitesse  moyenne 
et  de  fluctuation  de  vitesse  sont  donnas  sur  la  figure  1 1 .  Le  taux  de  turbulence  maximum  dans  la  zone  de 
melange  et  combustion  atteint  prds  de  25  Z. 

La  comparaison  des  fluctuations  de  vitesse  ainsi  d€terminees  avec  celles  d^duites  des  mesures  de 
fluctuations  de  pression  d'arrSt  de  l'ecoulement  est  en  cours. 

3.3  -  Utilisation  de  ces  mSthodes  de  mesure  pour  l'obtention  de  spectres  et  echelles  de  turbulence 

Les  diff6rentes  techniques  de  mesure  presentees  peuvent  permettre  une  caracterisation  plus  complete 
de  la  turbulence,  par  exetnple  l'obtention  de  spectres  ou  la  determination  de  l'echelle  integrale.  Ces  possi- 
bilites  ont  tout  d'abord  ete  exploitfes  sur  un  montage  experimental  fonctionnant  3  temperature  moderee. 

Ce  montage  represente  un  secteur  de  la  zone  de  dilution  d'un  foyer  annulaire  (figure  12).  II 
comport#  essentiellement  un  canal  demontable  de  section  rectangulaire  (300  x  100  ran  )  monte  3  la  suite  d'un 
foyer  generateur  de  gaz  chauds.  La  disposition  interne  comporte  : 

-  une  veine  central#  recevant  directement  les  gaz  issus  du  foyer  ; 

"  deux  vein#*  situees  de  part  et  d* autre  de  la  premiere,  au-dessus  et  au-deeeous,  alimentees  en  air  frais 
par  deux  conduites  independantes  ; 

“  lea  parois  const itu£es  de  plusieurs  elements  en  ole  separant  lee  veines  laterales  de  la  veine  central#. 

Ces  parole  permettent  d'une  part  le  passage  de  l'air  de  dilution  au  moyen  d'une  serie  d* orifices  circu¬ 
lates,  d'autre  pert  leur  propre  ref roidissement  grSce  3  le  creation  de  films  fluides  localises  aux  rac- 
cordemente  de  deux  tftles  successives, 

Les  trois  veines,  distinctes  3  1' entree,  n'en  constituent  plus  qu'une  seule  3  la  sortie,  les  £cou- 
lemsnts  letdraux  itant  astreints,  par  ce  dispositif,  3  se  meianger  3  l'ecoulement  central.  Enfin,  le  r£tr3- 
cissement  terminal,  provoquant  une  acceleration  de  l' ecoul ament,  permet  d'etteindre  un  nombre  de  Mach  du  m£me 


»  .  I  a  tempera*  ire 


ordre  que  celui  observe  dan*  la  realise  A  I’ent  ree  du  distributee  de  la  turbine  fY  ^0,2 
eat  environ  600  A  65 0  %. 

3.3.1  -  Me  sure  de  l  ’  $chel  le_integr«ue 

a )  Technique  des  faisceaux  orthogcnaux 

La  tneaure  de  I’echelle  integrale  de  la  turbulence  s’effectue  en  utilisant  deux  pvr<~.inrtres  qui 
integrent  1' emission  infrarouge  du  jet  §ur  deux  trajets  orthogonaux.  L'un  d'eux,  raaintenu  fixe,  est  olace 

verticalement  au-dessua  de  la  veine,  A  environ  70  mm  du  plan  de  sortie  ;  I’autre  eat  horizontal  et  peut 

etre  translate  axialement. 

La  figure  1 3  presente  les  courbes  de  correlation  spat 10-temporeI les  obtenues  3  partir  des  deux 
mesures.  Chaque  courbe  correspond  A  une  position  relative  des  deux  faisceaux,  t  etant  le  narametre  de  corre¬ 
lation  temporelle  et  4  la  plus  courte  distance  entre  les  deux  faisceaux.  A  est  modifie  par  pas  de  10  mm 
sauf  A  Tapproche  de  1  *  intersection  oii  le  pas  est  resserr£  A  2  mm.  Pour  ne  pas  surcharger  la  figure  les 
courbes  correspondantes  n'y  figurent  pas.  A  une  l£g£re  attenuation  pres  les  courbes  se  deduisent  les  unes 
des  autres  par  une  translation.  Ceci  s'explique  si  I'on  admet  l'hypothese  de  Taylor  de  turbulence  gelee  ; 
effect ivement ,  si  on  porte  sur  ur  diagramme  1’abscisse  t  relative  au  maximum  des  courbes  de  correlation, 
en  fonction  de  la  distanced  ,  ou  obtient  une  droite  (figure  14),  et  la  vitesse  definie  par  la  oente  de 
cette  droite  (84  m/s)  est  proche  de  la  vitesse  attendue  pour  le  jet. 

Les  points  A  dephasage  nul  (t  *  0)  permettent  de  tracer  la  courbe  de  correlation  P  (<4)  qui  presente 

un  maximum  pour  4  ■  0  (figure  15),  On  a  vu  qu’il  est  necessaire,  pour  obtenir  la  fonction  de  correlation  A 
2  points,  de  tracer  ^  (d)  en  fonction  du  parametre  4*  au  lieu  de  4.  et  d’en  prendre  la  d^rivee.  On  obtient 
ainsi  une  courbe  beaucoup  plus  etroite  qui  represente;  A  un  coefficient  pres, la  fonction  de  correlation  cher- 
chee.  (figure  15) 

La  valeur  A  l’origine  permet  de  calculer  l’echelle  integrale  A.  et  1 ’ integration  sur  4,  permet  de 
calculer  l'echelle  integrale .  On  les  trouve  tr£s  proche  l’une  de  l’autre  : 

-A  »  0,74  cm  et  A  -  0,72  cm 

ce  qui  est  une  justification  supplementaire  de  ^approximation  qui  consiste  A  les  supposer  pgales.  11  faut 
cependant  noter  que  ces  mesures  ne  sont  qu ’ approximat ives .  En  particulier  le  calcul  par  integration  est  ar- 
rete  arbitral rement  au  premier  zero  de  la  courbe  de  correlation.  On  suppose  que  la  contribution  du  reste  de 
la  courbe,  a lternat ivement  positive  et  negative,  est  negligeable. 

b)  Correlation  en  faisceaux  croises 

Une  autre  methode  pour  atteindre  A- est  d'utiliser  la  correlation  normalisee  en  faisceaux  croises 
donnee  par  : 


£(<>)  * 


TTJV 


fCT 


■  0,24. 


Cette  determination  fait  intervenir  les  longueurs  d’ integration  14 

cf  5  cm  et  -  30  cm 


Let  h. 


Dans  le  cas  present  : 


On  en  d€duit  une  echelle 
minee  par  la  methode  des  faisceaux 


integrale  A  »  0,94  cm  qui  est  du  meme  ordre  de  grandeur  rue  celle  d£ter- 
orthogonaux  (A*  0,72  cm). 


3,3.2  -  Sgect res _de_ turbulence 


A  titre  de  comparaison  il  a  et£  porte  sur  une  meme  figure  (16)  les  densites  spect rales  £nergetiques 
deriv£es  de  1 'analyse  des  signaux  obtenus  par  les  trois  techniques  de  mesure  :  la  sonde  de  pression  d* arret, 
le  pyromfctre  optique  et  la  v€locim$trie  laser.  Les  trois  spectres  sont  tr&s  semblables  et  on  ne  remarque  pas 
de  rupture  de  pente  sur  le  spectre  de  vitesse,  ce  qui  laisse  penser  que  le  flux  en  particules  £tait  suffisant 
pour  que  le  spectre  soit  r^aliste  au-dessus  de  10  kHz.  Les  pics  de  density  spect rale  de  faible  €nergie  obser- 
vls  aux  basses  frequences  doivent  etre  attribu€s  A  des  instabilites  du  foyer  amont.  La  concordance  entre 
ces  trois  spectres  peut  surprendre  puisque  l’un  au  moins  d’entre  eux  (le  spectre  de  temperature)  est  modifie 
par  l’effet  d’ integration.  Cependant  la  representation  utilisant  une  echelle  logarithmique  peut  itre  trom- 
peuse.  On  peut  en  effet  montrer  [4}  que  I’effet  d' integration  se  fait  sentir  dans  tout  le  spectre  de  telle 
sorte  que  1* integration  de  celui-ci  conduise  A  une  variance  attenuee  dans  le  rapport  1/ 2 A  .  Ce  rapport 
est  ici  assez  faible,  egal  A  1,44. 


Sur  le  montage  d' etude  de  la  combustion  turbulence,  seuls  les  spectres  resultant  des  mesures  de 
temperature  ont  ete  jusqu'ici  obtenus  (figure  17).  Ces  spectres  correspondent  aux  points  Y  -  20  et  Y  *  25  mm, 
avec  et  sans  inflammation  des  gaz  frais.  On  note  dans  tous  les  cas  la  presence  d'un  pic  tr$s  important  A  la 
frequence  de  800  Hz  qui  peut  s’expliquer  par  un  battement  de  la  f latrine  entrainant  ainsi  le  fort  etalement 
des  histogrammes.  Un  autre  pic  A  la  frequence  de  1  300  Hz  apparaft  seulement  en  absence  d' inflamnation.  II 
n’est  evidemment  pas  question  dans  ces  conditions  "instationnairts"  d’appliquer  aux  fluctuations  de  tempe¬ 
rature  la  correction  d* effet  df integration  due  A  la  turbulence  A  petite  echelle.  Celle-ci  ne  peut  etre  envi¬ 
sage  qu’ spies  separation  des  fluctuations  dues  au  mouvement  d’ ensemble  et  de  celles  dues  I  la  turbulence  et 
par  la  mise  en  oeuvre  d’une  methode  d' analyse  condi tionnel le . 


4  -  CONCLUSION 


La  caracteri sat  ion  de  l'aspect  inatationnaire  des  Ecoulements  i  temperature  ElevEe,  nota*m*nt  dan* 
le*  foyer*  et  las  turbines  ou  la  technique  classique  de  1 'anEmomEtrie  1  f i 1  chaud  ne  peut  plua  etre  employee, 
a  conduit  t'ONERA  1  ctudier  de*  methodes  nouvelle*  de  aeiure  des  fluctuations  de  viteaae  et  de  temperature. 
C’est  ainai  que  de*  sondes  de  pre**ion  d' arret  2  court  temps  de  reponse  pour  la  mesure  de*  fluctuation*  de 
vites*e  et  un  appareil  optique  utilisant  une  methode  d’Emission  et  absorption  sinultanEes  en  infrarouge  pour 
la  mesure  de*  temperatures  de  gaz  ont  er-5  developpee*.  Ce*  techniques  de  assure  ne  dorment  pas  au  contraire  de 
techniques  d'aver.ir  tellea  que  1 ' anemomet rie  laaer  pour  la  mesure  de  vitesse  ou  la  diffusion  Raman  anti¬ 
stoke  coherente  pour  la  aesure  de*  concentration*  et  de  la  teaperature,  la  structure  fine  de  l'Ecoulement 

mais  elles  sont  plus  facile*  £  utiliser  sur  des  banc*  d’essai*  industriels. 

L' analyse  des  mesures  effectuees  A  temperature  aodEree  A  l'aide  de  sondes  de  pression  et  de  fils»s 
chauds  montre  qu'il  exiate  une  relation  de  proport ionnal itE  entre  lea  fluctuations  de  pression  d'arret  et 
les  fluctuations  de  vitesse.  L' ut il isat ion  de  cette  relation  permet  done  la  mesure  de  la  turbulence  de  vi¬ 
tesse  par  1  *  intermediate  des  mesures  de  pression  d’arret.  Ce  resultat  demandait  toutefois  A  etre  confirm^ 
par  des  mesures  dans  des  ecoulements  A  plus  haute  temperature  en  les  covparant  A  des  mesures  par  vElocimE- 
trie  laser.  Cette  comparaison  a  ete  effectuee  pour  la  premiere  fois  A  la  sortie  d'une  chaubre  de  combustion 
A  la  temperature  moyenne  de  I  330  K.  La  bon  accord  observe  justifie  1 ' ut il isat ion  dea  sondes  de  pression 
d'arret  pour  qualifier  la  turbulence  des  ecoulements  chauds. 

La  technique  de  mesure  des  temperatures  par  pyromEtrie  infrarouge  a  etE  expErimentEe  dans  un  mon¬ 
tage  d' etude  de  la  combustion  turbulente  ou  la  teaperature  des  gaz  est  comprise  entre  600  et  2  000  K.  La 

comparaison  des  histogrananes  de  temperature  obtenus  par  la  pyromEtrie  aux  histogratmes  de  vitesse  dEterminEs 

par  anemometrie  laser  montre  l'interet  de  cette  technique  malgrE  1 ' inconvenient  de  1  * intEgrat ion  des  teapE- 
ratures  le  long  du  faisceau  optique.  Sur  ce  montage,  1 'analyse  spectrale  du  signal  de  mesure  pyroraEtrique 
montre  que  la  flamme  n'est  pas  stationnaire,  et  il  n'est  pas  possible,  dans  ces  conditions,  d'appliquer  la 
correction  d'effet  d' integration  due  A  la  turbulence  A  petite  echelle. 

Au  contraire,  dans  le  cas  ou  le  milieu  est  statist iquement  homogene,  on  montre  qu'il  est  possible 
de  remonter  A  la  variance  locale  de  la  temperature  si  l'on  connait  1 'echelle  intEgrale  de  la  turbulence. 
Celle-ci  peut  etre  obtenue  par  des  correlations  entre  deux  mesures  optiques  croisEes.  Un  exemple  d 'utilisa¬ 
tion  de  cette  technique,  sur  un  montage  d'etude  de  la  dilution,  est  presente.  Sur  ce  meme  montage  on  a  Ega- 
leroent  compare  les  spectres  obtenus  par  les  trois  techniques  de  mesure  :  la  sonde  de  pression  d'arrSt,  le 
pyrometre  optique  et  la  veiocimetrie  laser.  Ils  sont  trds  comparables. 
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Fig.  1  -  Comparison  des  density  spectrales  de  fluctuations  de  vitesse  d'Acoulement 
obtenues  ft  partir  de  la  rAponse  d  une  sonde  0  film  chaud  et  de  celles  diduites  des 
fluctuations  de  pression  d'arrftt 


a  Son* t  <*j  typo  Pitot  ft  Sondt  cylindrtquo  t  lorpo  c.  Sonet*  cytindrrquo 

bond*  potto  nt*.  ft  cotiti. 

Fig.  2  -  Representation  de  trois  types  de  sondes  de  pression  d'arrftt  A  court  temps  de  rftponse 
utilities  pour  la  caraetArisation  de  la  turbulence  des  Acoulements  A  temperature  AlevAe. 

(cotes  en  mm). 


S  :  Source  C  :  Couteau  D  :  Diaphragme  d'ouvertura 

F  :  Filtre  interfArentiel  M  :  Modulateur  P  :  Prisme  sAparateur 

R|  ,  R2  :  RAcepteurt. 
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Fig  4  -  Technique  des  faisceaux  orthogonaux 
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Fig.  5  —  Profit  angulaire  du  taux  de 
turbulence  de  I'^coulement  &  mi  hauteur 
de  veine  &  la  sortie  de  la  chambre  de 
combustion. 

Comparaison  des  mesures  par  v6locim£tne 
laser  et  par  sonde  de  pression  &  court 
temps  de  r£ponse 
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Fig.  6  -  Schema  du  foyer  d'6tude  de  la  combustion 
turbulente.  Localisation  des  points  de  mesure 


m  i: 


Pig  12  -  Coupe  sch^matique  du  dispositif 
d'6tude  de  la  dilution 

1  —  Canal  d'injection  principale 

2  -  Canal  d'injection  secondaire 

3  -  lnjecteur$  amovibles 

4  -  Convergent  de  sortie 
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Fig.  14  --  Foyer  de  dilution  :  d6placement 
des  maxi  mu  ms  de  correlation. 


Pig.  16  -  Comperaison  das  spectres  de  temperature, 
de  pression  et  de  v  it  erne  d'4coutement  en  un  mtme 
point  t  la  tortie  du  foyer  de  dilution. 


Fig.  13  -  Foyer  de  dilution  correlations 
spatio  temporellm 
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Fig.  15  -  Foyer  de  dilution  ;  correlations 
p(d)  et  Rid) 


Fig.  17  -  Foyer  d'ttude  de  le  combustion 
turbulente.  Spectres  dominion  de  le 
flemme. 
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DISCUSSION 


DL. Schultz.  UK 

Is  the  constant  k-2  based  >n  theoretical  or  experimental  results1  You  say  in  your  piper  that  k  is  of  order"  2 
and  I  would  like  to  know  what  the  range  of  k  might  be 

Rlpon.se  d'auteur 

(  e  rfsultat  est  essentiellement  experimental,  obtenu  sur  diverses  experiences  a  temperatures  varies  Co  resultat  est 
a  environ  10'*  pres  c'est  a  dire  que  I'on  peut  ohtenir  aussi  bien  un  coefficient  de  1.8  au  2  2  l  ne  justification 
th^onq  ;e  a  i\e  presentee  en  reference  ( I )  dans  le  papier  ecrit 


M  Mouranche.  Fr 

L’utilisation  de  la  pyrometrie  optique  que  vous  avez  decrite  pour  la  mesure  des  temperatures  de  gaz  est  tres 
seduisant  Quelles  sont  ses  limitations  d'emploi  sur  les  montages  d'essai  de  combustion1 

Reponse  d'auteur 

La  seule  condition  d'utilisation  comme  pour  beaucoup  de  methodes  optiques  est  de  disposer  de  deux  orifices  pour 
faire  traverser  le  faisceau  optique.  II  est  tfgalement  n^cessaire  qu'il  n'y  ait  pus  de  particules  solides  de  trop  grande 
dimension  dans  le  gaz.  mais  la  principale  limitation  de  la  m£thode  r£sulte  de  fintegration  des  temperatures  sur  le 
chemin  optique 
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VELOCITY  AND  TEMPERATURE  MEASUREMENTS  IN  A 
PREMIXED  FLAME  WITHIN  AN  AXISYMMETRIC  COMBUSTOR 

by 

A.M.K.P.  Taylor  and  J.H.  Whitelaw 
Imperial  College  of  Science  and  Technology 
London  S47  2BX ,  England. 


SUMMARY 


Measurements  of  velocity,  temperature  and  noise  character  1st i cs  are  reported  for 
a  premixed  natural-gas,  air  flame  stabilised  on  a  disc  baffle  located  on  the  axis  of  a 
round  pipe  and  for  a  corresponding  isothermal  flow.  The  stability  limits  of  the  flame 
are  identified  and  measurements  of  mean  axial  velocity,  the  variance  of  the  correspon¬ 
ding  fluctuations  and  noise  intensi ty  provi  ded  for  equivalence  ratios  in  the  range  0.7 
to  1.6.  Centre-line  distributions  of  mean  axial  velocity,  the  variance  of  the  corres¬ 
ponding  fluctuations  and  mean  temperature  are  reported  and  an  analysis  presented  of 
the  uncertainties  of  the  laser-anemometer  instrumentation  and  bare-wire  thermocouple 
measurements.  It  is  shown  that  the  range  of  equivalence  ratios  which  allow  stable 
combustion  is  comparatively  small;  that  the  maximum  and  minimum  mean  velocities  and  the 
length  of  the  recirculation  region  are  increased  by  combustion;  and  that  the  centre¬ 
line  distribution  of  mean  temperature  is  comparatively  uniform  for  more  than  3  baffle 
diameters  downstream. 
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Mean  surface  heat  transfer  coefficient 

Correlation  between  fluctuating  surface  heat 
transfer  coefficient  and  fluctuating  gas/ 
wire  temperature 
Population  size;  Eq.  1 

Mean,  fluctuating  pressure 
Radial  distance 
Radius  of  combustor 

Mean,  fluctuating  temperature 

Mean  temperature  of  gas  and  wire;  Eq .  2 
Mean  axial  velocity 
Annular  bulk  velocity 

nr  sample  of  axial  velocity;  Eq .  1 
Variance  of  axial,  radial  velocity  fluctuations 
One-point  correlation 

(volumetric)  fuel/air  ratio _ 

stoichiometric  (volumetric)  fuel/air  ratio 
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1  .  INTRODUCTION 

The  two  main  purposes  of  this  paper  are  to  present  measurements  of  the  velocity 
and  temperature  characteristics  of  bluff-body  stabilised,  premixed  methane-air  flames 
and  to  assess  the  precision  of  the  results.  Laser-Doppler  anemometry  was  used  for 
measurements  of  mean  velocity  and  related  one  poipt  correlations,  and  bare-wire  thermo¬ 
couples  gave  values  of  mean  temperature.  The  flow  arrangement  comprised  a  80mm 
diameter  pipe  with  a  39.8mm  diameter  stabiliser  disc  and  measurements  were  obtained 
at  (volumetric)  equivalence  ratios  of  between  0.70  and  1.6  and  upstream  cold-flow  pipe 
Reynolds  numbers  of  approximately  33,000. 

The  flow  configuration  is  relevant  to  the  afterburners  of  gas-turbine  combus¬ 
tors  and  the  assessment  of  the  precision  is  relevant  to  velocity  and  temperature 
measurements  in  a  wide  range  of  combusting  flows.  Stabilised,  premixed  flames  have 
previously  been  investigated  in,  for  example,  references  1  to  6 ,  Assessments  of  the 
precision  of  velocity  measurements  in  combusting  flows  have  been  reported  for  example, 
in  references  7  and  8  and  that  of  temperature  measurements  in  references  9  to  11. 

In  the  present  paper  the  velocity,  temperature  and  sound-intensity  results  are 
presented  in  section  3,  which  is  preceeded  by  a  description  of  the  geometry  and 
instrumentation  in  Section  2.  Section  4  provides  careful  consideration  of  error  sources 
and  the  paper  ends  with  summary  conclusions. 

2.  FLOW  AND  INSTRUMENTATION  ARRANGEMENTS 


Figure  1  presents  a  line  diagram  of  the  flow  configuration  and  shows  the  mild- 
steel  pipe  of  1.83m  length  coupled  to  a  supply  system  for  air  and  town  gas  (94%  CH.) . 
Measurements  have  been  obtained  with  the  baffle  located  0.8m  from  the  open  end  of  the 
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pip*-.  As  shown,  vitreous  silica  plate  windows  were  set  into  the  combustor  wall  and 
allowed  optical  access  for  the  1 aser-Doppl er  anemometer.  The  inside  diameter  of  »r,e 
pipe  was  circular  to  within  Iran  except  near  the  windows  where  this  figure  decreased  to 
around  3mm.  The  flow  rates  of  town  gas  and  air  were  measured  with  orifice  plates  and 
manometers  the  accuracy  of  the  measurements  was  of  the  order  of  3"  with  a  reprodu¬ 
cibility  of  0 . 5% . 


FlG.,1.  UNE  OP  PLOW 
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Velocity  characteristics  were  obtained  with  the  laser-Doppler  anemometer  opera¬ 
ting  in  a  forward-scatter,  fringe  mode  with  the  optical  characteristics  of  table  1. 

The  Doppler  signals  were  detected  by  a  photomultiplier  (RCA  Model  4836)  and  processed 
by  a  spectrum  analyser  (Hewlett-Packard  model  141T/8552A/8553B)  Interfaced  to  a  micro¬ 
processor  (Intersil  Model  IM6101),  as  described  in  reference  12.  The  probability 
density  function  of  velocity  was  obtained  by  counting  the  occurrence  of  doppler  signals 
in  the  frequency  spectrum.  Signals  were  distinguished  from  noise  by  setting  a  thresh¬ 
old  level  of  occurrence  In  the  frequency  spectrum.  The  flow  was  seeded  with  titanium 
dioxide  particles  which,  before  their  introduction ,  had  a  nominal  diameter  of  0.45um. 
The  maximum  data  rate  observed  at  the  photomultiplier  output  was  of  the  order  of  5000 
signals/s,  approximately  10  minutes  were  required  to  form  the  mean  and  variance  from 
10,000  (or  more)  signals. 


TABLE  1 

Optical  characteristics 

Laser  power 

600  mW 

Laser  wavelength 

514.5  nm 

Fringe  spacing 

2 . 23  um 

Length  of  measuring  volume 

at  l/e^  intensity 

2  mm 

Diameter  of  measuring  volume 

at  l/e^  intensity 

200  um 

Frequency  shift 

21  MHz 

The  optica]  components  of  the  anemometer  were  assembled  on  a  bench  and  translated  in 
two  orthogonal  planes  by  a  milling-table  arrangement  which  allowed  location  to  better 
than  0. 1mm . 

Temperatures  were  measured  with  a  bare-wire  thermocouple  (platinum:  13% 
rhodium-platinum)  constructed  from  80um  diameter  wire.  The  hot  junction  was  formed  at 
the  centre  of  a  10mm  length  of  wire  and  had  a  diameter  of  approximately  90wn.  The 
thermocouple  was  calibrated  for  radiation  effects  in  the  manner  described  In  reference 
11  and  was  inserted  Into  the  flow,  through  plugs  located  In  the  combustor  wall,  and 
traversed  with  the  ml  1 1 ing-table . 

Sound  intensity  levels  were  measured  with  a  microphone  (General  Radio  Model 
1560-P4)  which  was  located  approximately  2m  from  the  combustor.  The  signal  from  the 
microphone  was  analysed  with  a  spectrum  analyser  (General  Radio  Model  1564-A) . 
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3 .  RESULTS 

Confined,  bluff-body  stabilised  flames  are  known  to  have  limited  ranges  of  stable 
combustion  and  can  also  have  fluctuation  energy  concentrated  at  discrete  frequencies 
As  a  consequence,  the  stability  characteristics  of  the  combusting  flow  was  investigated 
over  a  range  of  equivalence  ratio,  *,  and  are  described  in  the  following  subsection. 

This  is  followed  by  two  subsections  describing  the  detailed  velocity  and  temperature 
results,  respectively,  at  ♦  =  0.70. 

3 , 1  Influence  of  equivalence  ratio 

The  stability  characteristics  of  the  flames  were  examined  in  the  range  of 
equivalence  ratio  from  around  0.5  to  1.6  by  visua-i  observation  and  by  the  measurement 
of  sound  intensity  and  velocity  character i st i cs . 


PlG. 2.  PLAME  EXTIMCTIOM  OAmk  WITH 
Uo  AA  MET  EE. 


Figure  2  shows  the  stability  limits  of  the  flame  as  a  function  of  (annular)  bulk 
air  velocity,  U  and  equivalence  ratio.  The  shaded  areas  define  the  familiar  fuel-rich 
and  -lean  extinction  limits.  Adjacent  to  these  limits  are  regions,  designated  as 
'stable',  which  refer  to  the  presence  of  the  flame  only  downstream  of  the  bluff-body. 

Between  these  regions  is  a  range  marked  ’unstable’  which  corresponds  to  operation  with 
a  flame  visible  upstream  of  the  baffle.  At  small  values  of  U  (£6ms-l)  flashback 
occurred,  with  the  flame  attaching  to  the  boundary  layer  of  tRe  sting  upstream  of  the 
baffle.  At  values  of  U  appropriate  to  the  data  presented  here  (U  *  8.3  ms-l),  the 
flame  was  unattached  to°the  sting.  The  boundary  between  each  flow°regime  is  subject  to 
an  uncertainty  of  +0.03$. 

Figure  3  shows  the  related  sound  output  from  the  combustor.  The  sound  level 
within  the  ’stable’  regions  was  relatively  low,  being  less  than  10dB  above  the  equiva¬ 
lent  (inert)  air  flow.  As  the  ’unstable’  range  was  approached  the  sound  level  increased 
markedly  (15dB),  together  with  the  variance  of  velocity  which  is  shown  in  figure  4. 

The  flow  pulsations  were  so  violent  that  damage  occurred  to  the  glass  observa¬ 
tion  windows,  thereby  limiting  the  extent  of  measurement  in  the  ’unstable’  region.  The 
appearance  of  the  probability  density  function  of  axial  velocity  in  this  region  was 
either  heavily  skewed  or  bimodal,  the  latter  suggesting  a  harmonic  oscillation  of 
velocity.  Frequency  analysis  of  the  sound  level  confirmed  the  presence  of  a  preferred 
frequency  of  about  80Hz  which  corresponded  to  an  acoustic  quarter-wave  arrangement. 

Figure  5  Indicates  a  large  variation  of  mean  velocity,  at  x/R=1.63  and  r/R«0, 
as  the  equivalence  ratio  is  altered.  This  is  due  to  a  related  change  in  the  length  of 
the  recirculation  region  since,  as  figure  6a  confirms,  a  small  change  in  this  length 
can  result  in  a  large  change  in  velocity.  In  addition,  however,  equivalence  ratios  of 
the  order  of  unity  undoubtedly  cause  much  higher  centre-line  velocities  since  the 
maximum  value  of  U/UQ  of  figure  6a  is  around  1.5  and  that  of  figure  4  is  around  3.0. 

3.2  Velocity  characteristics 

Figs,  6a  and  b  present  the  centreline  values  of  the  mean  and  variance  of  axial 
velocity  in  reacting  and  non-reacting  flow.  The  length  of  the  recirculation  zone  is 
about  40%  greater  in  combustion  as  compared  with  the  isothermal  flow.  Similarly  large 
Increases  have  been  reported  by  Winterfeld,  reference  5,  for  confined  flows;  in 
contrast,  Durao  and  Whitelaw,  reference  13,  measured  a  smaller  (£5%)  increase  for  unconfined 
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flows.  Downs;  r*-am  of  me  r**c  4  rcul  at  Ion  /.on** .  the  axial  v*> ;  or  i  t  v  font  lnu**s  ’ 
faster  than  in  isnth<Tmal  flow.  This  is  a  result  of  *hr  zroator  vein;  it  ie< 
till-  axis  which  com**  about  through  the  increased  volume  of  th<*  gases. 


Th*>  lars:*'  values  of  ij2  within  the*  rer  i  rru  1  a  t  i  on  zon**  imply  that  th*>  flow  is 
indeed  fully  turbulent,  and  that  no  1  ami  nar  i  sat  ion  has  occurred.  The  magni*  i-ies  in 
the  reart  ing  flow  are,  at  most,  double  those  in  the  equivalent  isothermal  flow.  By  i  mp  1  i 
ration,  turbulence  levels  throughout  the  recirculation  rone  will  have  increased.  al*h  ,vgrh 
momentum  transfer  will  be  nett  reduced  (compared  to  isothermal  flow)  because  of  the  fall 
in  density.  By  analogy,  mass  transfer,  which  is  crucial  to  the  mechanism  of  flame  stabi¬ 
lisation.  will  also  have  been  reduced.  This  expectation  is  confirmed  by  the  residence 
time  measurement  of  reference  f> . 


As  the  equivalence  ratio  tends  to  stoichiometric,  figures  3  and  1,  the  length 
of  the  rer  i  rru  1  at  ion  rone  heromes  smaller  while  the  levels  of  greatly  increase.  Th*- 
decrease  in  the  recirculation  zone  length  (a  trend  that  has  also  been  reported  by  re feren 
ulwhich  would  tend  to  reduce  the  flame  holding  ability  of  the  bluff-body,  is  more  than 
compensated  for  by  the  increase  in  the  level  of  u?.  However,  the  evidence  of  spe  rral 
analysis  of  the  sound  level  suggests  that  combust  ion- i nduced  acoustic  oscillations  play 
an  ever  larger  role,  and  the  variation  of  u2  and  the  appearance  of  bimodal  probability 
density  functions  of  U  are  further  confirmation  of  this.  The  presence  of  the  flame 
upstream  of  the  baffle  is  thus  probably  a  result  of  both  hulk  transport  of  reacting  gas 
by  the  oscillations,  together  with  the  Instantaneous  velocity  falling  below  the  f  1  amt- 
speed .  The  violence  of  the  fluctuations,  together  with  a  flame  front  which  no  longer 
develops  from  the  bluff-body  tip,  make  it  uncertain  to  what  extent  simple  models  of  bluff 
body  physics  (based  on  a  we  11 -stirred  reactor)  still  aDply. 

3 . 3  Temperature  distribution 

The  mean  temperature  profile  on  the  centreline,  f i .  re  7,  is  quite  uniform, 
except  for  the  area  immediately  adjacent  to  the  bluff-body.  It  suggests  rapid  mixing  and 
that  the  ' we  1 1 -st i rred  reactor'  model  of  the  recirculation  zone  is  qualitatively  correct, 
although  it  is  certain  that  radial  profiles  of  temperature  would  show  greater  variations. 
The  velocity  fluctuations  on  the  centre  line  correspond  to  intensities  of  greater  than 
157  even  at  x/R  of  5  and  to  much  larger  values  for  x/R  <  5;  they  suggest  large  tempera¬ 
ture  fluctuations  and  that  the  adiabatic  flame  temperature  will  be  approached,  on  the 
centre  line  and  over  much  of  the  range  of  figure  6,  for  a  significant  period  of  time. 


FIG.7,  CEkTVRE  -  LINE  PROFILES 
OF  Mt/iN  TEMPER/kTuRE. 


4 .  Discussion  of  measurement  accuracy 

The  purpose  of  this  section  is  to  appraise  the  accuracy  of  the  measurements  of 
the  previous  section  and  to  comment  on  the  accuracy  of  the  measurement  of  velocity  and 
temperature  of  combusting  flows  in  general.  The  discussion  is  again  presented  in  three 
parts  which  correspond  closely  to  those  of  the  previous  section. 

4 . X  Equivalence  ratio  and  flow  symmetry 

The  results  of  figures  2  to  5  imply  that  the  equivalence  ratio  should  be  main¬ 
tained  constant,  at  a  known  value,  within  limits  which  depend  upon  the  value  of  4  and  the 
required  constancy  of  the  combusting  flow.  A  variation  in  4  from  0.80  to  0.81,  for 
example,  can  result  in  a  10%  change  in  the  mean  velocity  on  the  centre  line.  In  the 
present  case,  the  equivalence  ratio  was  determined  by  measuring  the  volume  flows  of  gas 
with  orifice  meters  and  the  expected  accuracy  of  the  resulting  value  was  of  order  3%  with 
a  constancy  of  around  1%. 
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The  flow  symmetry  was  tested,  in  detail,  with  non- combust  Inst  flow  and  showed 
asymmetries  of  less  than  51  of  the  bulk  velocity.  These  were  caused,  a*  least  in  part, 
by  the  departures  from  circularity  of  the  combustor  pipe  previously  referred  to  in 
Section  2. 

4 . 2  Velocity  characteristics 

Table  [[  identifies  sources  of  possible  error  appropriate 
Doppler  anemometer  the  influences  of  refraction  index  gradients 
of  the  Ti02  particle  on  the  combtstion  process  are  not  considered 
reference  T4.  they  are  expected  to  be  negligible. 

TABLE  II:  Possible  sources  of  error  in  ve  loci  ty  measurement  s 


ERROR  SOURCE 

Finite  Transit  time  broadening 
Mean  Velocity  gradient  broadening 
Particle  concentration  broadening 
Instrument  noise 

Size  of  population  used  for  evaluation  of 
mean  and  variance 

Velocity  weighting  of  particle  statistics 
Density  weighting  of  particle  statistics 


to  the  present  laser- 
on  signal  quality  and 
since,  according  To 


The  magnitude  of  the  first  four  effects  can  be  determined  from  a  knowledge  of  the 
flow  and  of  the  standard  formulae  given,  for  example,  in  reference  14.  Taken  together, 
they  imply  an  uncertainty  in  mean  velocity  which  is  less  than  0.5*1  of  the  maximum  velocity 
and  an  uncertainty  in  the  variance  of  velocity  fluctuations  corresponding  to  an  overesti¬ 
mation  of  up  to  around  1%.  It  should  be  noted  that  steeper  gradients  than  those  encoun¬ 
tered  here  can  occur  when  radial  profiles  are  measured  and  usually  result  in  larger  uncert¬ 
ainties  . 

The  number  of  velocity  values  used  to  form  the  mean  and  variance  was  at  least 
10,000  and,  according  to  the  analysis  of  reference  15,  implies  uncertainties  (which  depend 
on  the  standard  deviation  for  mean  velocity  alone)  of  +  1%  and  +3%  in  the  mean  and  variance 
of  velocity  respectively,  at  95%  confidence  limits. 

The  uncertainties  associated  with  the  last  two  items  of  Table  XI  are  more  difficult 
to  quantify  and,  as  will  be  indicated,  are  potentially  longer  than  those  discussed  in 
the  previous  two  paragraphs.  The  importance  of  the  averaging  procedure  (convection 
weighting)  has  been  assessed  in  a  number  of  papers,  for  example  references  16  to  21,  and 
depends  on  the  relative  time  scale  of  particle  arrival,  the  sampling  rate  of  the  instrumen¬ 
tation  and  the  frequency  of  the  energy  containing  turbulence.  In  the  present  flow,  the 
time  scale  of  particle  arrival  is  greater  than  that  of  the  sampling,  which  is  limited  to 
a  minimum  of  42ys  between  successive  measurement.  The  measurements  are  therefore  control¬ 
led  by  the  particle  arrival  rate,  not  by  the  sampling  technique,  and  an  error  will  result 
with  averages  formed  from  the  expression 

u  *  i  ",  t”;  (i> 

N  n  =  1 


as  they  were  in  this  paper. 

Averaging  algorithms  which  properly  account  for  "velocity  weighting"  require  know¬ 
ledge  of  the  Joint  velocity  probability  density  distribution  for  three  components  of  velo¬ 
city  (refs.  16  ft  19).  A  "one-dimensional"  correction  can  be  applied  to  the  data  and  its 
validity  is  restricted  (refs.  16  ft  18)  to  flows  in  which  the  velocity  components,  normal 
to  the  velocity  component  measured,  are  small.  Measurements  on  the  centreline  of  the 
transverse  fluctuating  component  of  velocity  in  isothermal  flow  (reference  22)  show  that 
H  n  ,* 

(v  /u  )  >  1  ) ,  no  that  application  of  the  "one-dimensional”  correction  is  not  Justified. 

An  exact  value  cannot  therefore  rot  be  obtained  without  three-dimensional  measure¬ 
ments  and,  even  then,  may  be  complicated  by  the  existence  of  signal  amplitude  bias  as 
discussed  in  references  21  and  23.  An  estimate  of  velocity  weighting  for  this  flow  can 
be  obtained  by  using  the  (calculated)  corrections  for  v*/u*  »  1  and  uv  *  0  given  in 
reference  17.  2J)is  analysis  suggests  that  the  magnitude  of  U/U  is  too  large  by  about 
0.08  U/U  ,  and  ir  /U*  too  small  by  about  0.024  u*/U*  ,  at  x/R  *°0.75.  These  values  are 
expected°to  be  the  largest  that  will  apply  within  tne  recirculation  zone:  downstream  (at, 
say,  x/R  *  4.50)  the  errors  will  be  +1%  and  -2%  of  the  local  value  of  mean  and  variance. 

The  error  arising  from  local  fluctuations  in  the  volumetric  seeding  concentration 
requires  measurements ,  or  assumptions,  concerning  the  magnitudes  of  the  fluctuations  of 
temperature  and  pressure,  so  as  to  make  use  of  the  estimates  provided  by  reference  24. 

In  this  case , ’^/T  and  */p'2/p  have  been  taken  as  0.20  and  0.03  respectively.  The  latter 
value  is  the  maximum  expected,  and  will  occur  in  the  presence  of  violent  combustion- 
induced  oscillations  (25).  The  only  Important  error  is  that  caused  by  the  temperature 
fluctuations  in  the  value  of  mean  velocity,  amounting  to  a  possible  5%  underestimation  of 
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the  1  o  a  1  value. 

The  above  arguments  suggest,  that  the  errors  depend  on  the  'urhu',»nre  intensity, 
and  that  they  ran  only  be  estimated.  The  probable  uncertainty  in  the  mean  and  variance  mea¬ 
surements  are  -,f  the  order  ♦  2"  in  both  mean  aril  varian  e  downstream  of  -he  re.  in  .'.a'i.  n 
zone  but  may  be  up  to  *51  and  ar.  underestimation  of  about  25'f  in  the  local  values  of 
mean  and  variance  respectively  within  the  recirculation  zone. 

4 . 3  Temperature  characteristics 

Bare-wire  thermocouples  were  preferred  to  a  suction  pyrometer  partly  on  grounds 
of  size  but  also  because  of  the  dependence  of  pyrometer  measurements  on  suction  velocity 
as  shown,  for  example,  in  reference  11.  They  have,  however,  the  disadvantage  of 
greater  fragility,  particularly  with  the  80um  dia/tieter  wire  used.  Indeed,  measurements 
with  equivalence  ratios  around  unity  proved  to  be  very  difficult  due  to  frequent  breakage 
in  the  corresponding  pulsating  flow. 

The  thermocouples  were  arranged,  as  described  in  section  2,  and  had  a  probable 
conduction  error  of  less  than  0.1".  The  magnitude  of  the  radiation  correction  has  been 
shown  to  be  of  order  80°C  at  140O°C  in  a  free  flame  and,  with  the  lower  temperatures 
and  confined  nature  of  the  present  arrangement  was  certainly  less  than  4CPC  and  probably 
much  less. 

In  addition  to  radiation  and  conduction  effects,  the  relationship  between  the 
wire  and  gas  temperature  involves  the  correlations  between  an  'overall'  heat  - 1  rans  fer 
coefficient  and  the  gas  and  wire  temperatures, 

i.e.  =  T^  +  h ' Tg ' /h  -  h 1 Tw ' /h  -  radi ation-ronduet ion  .  (2) 

For  an  infinitely  small  thermocouple  junction,  Tg'  and  Tw'  are  identical  and  the  influence 
of  the  correlations  is  zero.  The  results  of  reference  11  show  that  the  influence  of  the 
correlations  is  also  zero  for  a  40um  thermocouple.  A  reasonable  assessment  of  the  accu¬ 
racy  of  the  present  measurements  is,  therefore  -50°C ,  +  20°C. 

5.  SUMMARY  CONCLUSIONS 

The  following  main  conclusions  may  be  extracted  from  the  preceeding  text: 

1.  Combustion-induced  oscillations  become  increasingly  important  as  the  equivalence 
ratio  approaches  unity,  where  the  flow  is  dominated  by  an  acoustic  oscillation  associated 
with  greatly  increased  sound  intensities  and  velocity  variance.  The  range  of  equivalence 
ratios  for  which  stable  combustion  can  be  achieved  is  quantitied  and  shown  to  be  small. 

2.  Centre-line  distributions  of  mean  axial  velocity  and  the  variance  of  the  corres¬ 
ponding  fluctuations  have  been  obtained  at  a  volumetric  equivalence  ratio  of  0.7  and  in 
isothermal  air  flow  and  have  the  san>e  general  shape.  The  maximum  negative  and  positive 
velocities  are  larger  for  the  combusting  flow  and  the  recirculation  length  is  larger  by 
around  40%.  The  velocity  variance  is  generally  larger  for  the  combusting  flow  and  much 
larger  (x2)  in  the  recirculation  region.  The  mean  temperature  distribution  is  compara¬ 
tively  uniform,  consistent  with  a  well-stirred  reactor  assumption. 

3.  The  uncertainties  in  the  measurements  are  considered  and  shown  to  be  significant. 
Small  changes  in  equivalence  ratio  give  rise  to  significant  changes  in  the  length  of  the 
recirculation  region  and  to  local  flow  properties.  The  velocity  measurements,  in  regions 
of  high  values  of  velocity  variance,  are  subject  to  uncertainties  which  cannot  be  quanti¬ 
fied  exactly;  the  mean  and  variance  of  velocity  can  be  subject  to  errors  of  up  to  *5% 

and  -25%  respectively  although  the  corresponding  figures  away  from  the  recirculation  region 
are  of  the  order  of  2%  in  each  quantity.  The  mean-temperature  values  are  subject  to 
uncertainties  of  around  +2(X>C,  -5CPC . 
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DISCUSSION 


F  C  Gouldin,  US 

In  your  presentation  you  noted  the  presence  in  the  combustor  of  a  flame  sheet  which  begins  at  or  near  the  edge  of 
the  flame  stabiliser  and  extends  downstream,  and  you  referred  to  the  recirculation  /one  behind  the  stabiliser  as  a 
stirred  reactor  By  flame  sheet  I  assume  you  mean  a  thin  reaction  /one  in  which  fuel  and  air  react  to  form  products 
If  this  interpretation  is  true,  what  are  the  significant  reactions  occurring  in  the  stirred  reactor  region  of  the  stabiliser 
wake1 

Author's  Reply 

The  phrase  “well  stirred  reactor”  refers  to  a  (mathematical)  model  sometimes  used  to  describe  the  mechanism  of 
stabilisation  behind  a  bluff  body.  Its  usefulness  lies  in  being  able  to  assign  one  representative  value  of  any  quantity 
to  the  reacted  and  unreacted  gases.  The  “reactor"  extends  into  both  reacted  and  unreacted  gases  Whilst  there  are 
no  reactions  taking  place  within  the  recirculation  zone,  the  products  (and  temperature)  are  uniformly  distributed  in 
space  (well-stirred).  In  the  present  case,  for  example.  1  200°C  would  be  a  good  estimate  of  the  temperature  of  burnt 
gases  within  the  recirculation  zone. 


A.M.Mellor.  US 

Did  you  observe  the  flashback  phenomenon  if  the  pipe  was  terminated  in  the  plane  of  the  disc1 

Author's  Reply 

I  do  not  recollect  having  observed  flashback  for  the  (few)  experiments  conducted  under  conditions  when  the  pipe 
was  terminated  in  the  plane  of  the  disc. 


M.Nina.  Po 

(1 )  The  size  of  the  recirculation  zone  depends  on  the  value  of  0.  in  your  Figure  6  you  compare  centre-line 
velocity  profiles,  isothermal  and  0  =  0.696 .  Is  there  a  reason  for  choosing  this  value? 

(2)  Could  you  tell  us  more  about  your  fine-wire  thermocouple  problems,  such  as  life  time  and  reasons  and 
locations  of  breakages? 

Author’s  Reply 

(1)  The  only  significance  of  0  =  0.696  (0  =  0.70  to  within  the  limits  of  reproducibility)  was  that  it  was  an 
operating  point  which  lay  far  from  the  ‘unstable’  range  of  operation. 

(2)  The  lifetime  of  the  thermocouple  was  principally  determined  by  the  equivalence  ratio.  Breakage  would  occur 
close  to  the  thermocouple  bead.  Values  of  equivalence  ratio  much  greater  than  about  0.7 -0.8  resulted  in 
almost  immediate  breakage.  We  interpret  this  as  a  result  of  instantaneous  values  of  temperature  being  much 
higher  than  the  mean,  thus  approaching  the  fusion  temperature  of  the  metals. 


N.l.Hay,  UK 

I  would  like  to  ask  two  questions:  the  first,  under  unstable  conditions  what  was  the  pressure  ratio  across  the  flow 
straightener  and  did  any  swirl  survive  downstream  of  it?  The  second  question,  did  the  flame  stabilise  on  the  flame 
trap  upstream  of  the  baffle? 

Author’s  Reply 

(la)  We  have  no  information  on  the  pressure  drop  across  the  flow  straightener. 

(lb)  We  observed  no  swirl  downstream  of  the  straightener. 

(2)  The  flame  would  not  normally  stabilise  on  the  trap  upstream  of  the  baffle.  The  exception  to  this  behaviour 
arose  if,  after  prolonged  operation  in  the  ‘unstable’  mode,  the  flame  trap  (a  wire  mesh  screen)  was  shaken 
out  of  its  position. 


J.S.Lewis,  UK 

Will  you  attempt  to  include  the  unstable  mode  of  operation  in  your  theoretical  model  of  this  test  rig?  If  so,  will  you 
require  measurements  to  be  made  during  unstable  operation? 

Author's  Reply 

Some  of  the  measurements  represented  in  the  first  three  graphs  were  for  unstable  combustion  and  they  gave  the 
impression  from  the  probability  density,  which  was  bimodal,  that  perhaps  the  vibrations  may  have  been  sinusoidal. 
The  output  of  the  thermocouple,  all  of  the  five  seconds  that  it  lasted,  seemed  to  indicate  that  we  had  a  periodic 
fluctuation  but  we  certainly  wouldn't  attempt  to  model  that  kind  of  flow.  However,  I  believe  that  you  have  done 
some  work  using  a  program  on  combustion  induced  oscillations. 
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C  WinterfeW,  f» e 

the  correlation  of  the  results  has  been  done  in  a  way  which  is  different  from  that  normally  used  in  the  literal  ire 
Could  the  authors  please  comment,  on  how  their  results  compare  with  former  worcs  reported  in  tue  literatur-’ 

Author's  Reply 

That's  true,  yes  I  believe  that  your  own  paper  presented  at  the  Combustion  Symposium  indicated  that  as  one 
increases  the  equivalence  ratio  the  recirculation  length  becomes  shorter  VVe  did  not  make  detailed  enough  measure 
ments.  because  as  f  pointed  out  the  thing  kept  coming  to  hits,  of  how  much  shorter  the  recirculation  length  became 
All  we  know  is  that  it  did  become  shorter  because  we  measured  it  at  a  point  which  was  negative  when  we  started 
off.  it  then  became  positive  velocity,  and  then  finally  ended  up  at  the  rich  extinction  limit  as  a  negative  velocity 
again,  but  we  had  no  idea  of  just  how  the  recirculation  length  itself  varied  As  to  your  point  on  the  way  we  present 
the  data,  I  agree  that  all  papers  represent  it  as  on  the  diameter  of  the  baffle  The  reason  I  present  r.  as  a  function  of 
the  radius  of  the  containing  pipe  is  historical  and  hangs  over  from  my  isothermal  work  Also,  it  was  convenient  to 
normalise  it  in  that  fashion. 
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SUWARV 

Optical  techniques  have  been  used  to  study  the  flow  structure,  and  to  gain  a  better  understanding,  of 
the  convective  heat  transfer  inside  rotating  cavities.  Flow  visual i zar ion  has  been  used  to  determine  the 
amount  of  coolant  necessary  to  seal  an  air-cooled  rotor-stator  system,  to  delineate  regimes  of  vortex  break¬ 
down  in  rotating  cavities  with  axial  throughflow,  and  to  identify  the  flow  regime*  in  a  rotating  cavity  with 
a  radial  outflow  of  coolant.  LDA  measurements  of  the  radial  and  tangential  components  of  velocity  inside 
the  rotating  cavity  have  been  used  to  correlate  the  flow  vi sual izati on  results.  For  the  radial  outflow  case, 
these  velocity  measurements  are  in  good  agreement  with  theoretical  prediction*.  Measured  Nusselt  numbers 
reveal  the  presence  of  heat  transfer  regimes  corresponding  to  those  identified  by  the  optical  techniques. 
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tangential  component  of  the  potential  come  in  a  rotating  and  stationary  frame  respectively 

radial,  tangential  components  of  velocity  in  a  stationary  frame 

bulk-average  axial  velocity  in  inlet  pipe 

axial  coordinate  measured  from  rotor 

volume  expansion  coefficient 

temperature  difference  between  the  disc  tip  and  the  coolant 
thickness  of  the  inner  and  outer  layers  respectively 

axial  Rossby  number 
radial  Rossby  nvanber 

buoyancy  parameter 

kinematic  viscosity 
density 

rotational  speed 
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1  INTRODUCTION 


In  this  paper,  it  is  shown  how  the  techniques  of  flow  visualization  and  laser  doppler  anemometry  (LDA) 
can  be  used  to  complement  each  other  and  to  add  to  a  better  understanding  of  flow  structure  and  convective 
heat  transfer.  In  order  to  gain  insight  into  the  flow  around  turbine  and  compressor  discs  in  gas  turbine 
engines,  the  techniques  have  been  applied  to  the  study  of  flow  inside  the  cavity  between  s  rotating  and  a 
stationary  disc  and  in  the  cavity  between  two  corotating  discs.  Although  the  applicstion  is  specialized, 
the  techniques  should  be  applicable  to  many  other  flow  systems. 

Fig.  la  shows  a  simplified  model  of  an  air-cooled  turbine  disc  rotating  close  to  s  stator,  and  flow 
visualization  has  been  used  to  examine  the  flow  structure  and  to  quantify  the  amount  of  coolant  necessary 
to  ’eeal'  the  cavity  (that  is,  to  prevent  the  ingress  of  hot  gas  into  the  cavity).  Fig.  lb  shows  a  model 
of  corotating  compressor  discs  through  the  centre  of  which  is  an  axial  flow  of  air  (simulating  cooling  air 
on  its  way  to  tht  turbine  blades  ).  The  flow  in  this  configuration  is  extremely  complex,  and  the  occurrence 
of  vortex  breakdown  (1)  can  dramatically  alter  the  flow  structure  end  heat  transfer  inside  the  cavity, 
fig-  lc  shows  a  simplified  model  of  sir-cooled  eorotating  turbine  discs,  and  a  number  of  regimes  of  heat 
transfer  have  been  identified  by  Owen  and  Bilimoria  (2),  In  the  latter  caae,  flow  visualisation  md  LDA 
measurements  have  provided  an  understanding  of  the  flow  structure  and  have  enabled  a  simple  theoretical 
model  to  be  developed  and  teated(3). 
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A  hri*f  description  of  the  experimental  n**  and  the  optical  i  nsr  r-.aaen  r  a  t  i  nr.  i«  present  m  se  •  -  :  -.  J. 
Serfjr»ns  3  and  4  describe  the  application  of  flow  visualization  and  I. DA,  respe.*t  ivelv,  r  r  he  rn-ee  r  -st¬ 
ing  cavities  dear ri bed  above. 

2.  EXPERIMENTAL  APPARATUS 


2.1  The  rotating  cavities 

For  the  rotor-stator  cavity  shown  in  Fig.  la,  the  rotor  was  a  plane  aluminium  disc  f  rad;  is  b  •  J  nm. 
and  the  stator  and  shroud  were  made  from  perspex.  The  gap,  s,  between  the  rotor  and  stator  was  1  •*  mm 

ft,  *0.1,  C,  s/b)  and  the  shroud  clearance,  $  ,  was  varied  from  0.48  to  7. A  mm  (0.0025  "  0  '  o.  04, 

^  A  2  ' 

r.  :  s^/b).  The  rotor  was  driven  up  to  4000  rev /min  (Re^  -  10  ,  Re^  7  Lb  /„)  by  means  of  a  var  iab  ie-speed 

electric  motor,  and  the  coolant  flow  rate  was  supplied  through  the  inlet  pipe  (a  *  19  mm)  at  rates  tp  to 

0.06  m^/s  (C  -  2  x  10*,  C  ~  Q/vb). 

w  w 

For  the  rotating  cavity  with  axial  throughflow  shown  in  Fig.  lb,  two  different  rigs  were  used.  The  iso¬ 
thermal  rig  comprised  two  perspex  discs,  of  radius  b  *  190  am,  and  a  perspex  shroud.  The  radius  of  the 
rotating  inlet  and  outlet  pipes  was  a  *  19  mm,  and  the  spacing  between  the  discs  was  varied  from  r,  -  0.1  1) 

to  0.53.  The  cavity  was  rotated  up  to  Re.  -  4  x  10  ,  and  axial  Reynolds  numbers  of  Re^  "  10'^  (  Re  ^  2Wa  /  , 

W  being  the  bulk-average  velocity  in  the  inlet  pipe)  were  produced.  The  heat  transfer  rig  was  twice  -he 
size  of  the  isothermal  rig,  and  the  discs  were  made  from  stainless  steel  and  i nst runen t ed  with  thermocouples. 
The  maximum  axial  and  rotational  Reynolds  numbers  on  the  heat  transfer  rig  were  6  x  10^  and  2.5  x  ]o\ 
respectively. 

The  rotating  cavity  with  radial  outflow  shown  in  Fig.  lc  was  based  on  the  isothermal  and  heat  transfer 
rigs  described  above.  The  only  difference  was  that  the  perspex  shroud  contained  thirty  holes  equi-spaced 
on  the  mid-axial  plane.  In  the  isothermal  rig,  the  holes  were  12.7  ram  diameter;  in  the  heat  transfer  rig, 
the  holes  were  25.4  mm  diameter. 

2.2  Flow  visualization  apparatus 

Illumination  of  the  cavity  was  achieved  using  either  a  \  mW  He  Me  laser  or,  for  photographic  purposes, 
a  2  W  argon-ion  laser.  As  shown  in  Fig.  2,  th  *  illuminating  laser  was  used  in  conjunction  with  a  cylindri- 
calanda  collimating  lens  to  produce  ’slit  illumination'  in  a  plane  through  the  axis  of  rotation  (hereafter 
referred  to  as  'the  r-z  plane*).  The  focal  lengths  of  the  lenses  were  chosen  to  produce  a  beam  that,  viewed 
normal  to  the  r-z  plane,  was  slightly  wider  than  the  cavity  width,  s;  viewed  normal  to  the  r-**  plane,  the 
beam  was  brought  to  a  focus  at  the  axis  of  rotation  of  the  cavity.  The  resulting  'sheet'  of  light  was,  de¬ 
pending  on  the  laser  and  lenses  used,  approximately  1  mm  thickness. 

For  photography,  an  Olympus  0M2  camera  (operating  in  the  'aperture  preferred'  mode)  was  arranged  with 
the  axis  of  its  lens  normal  to  the  illuminated  plane.  With  an  f  1.8  lens  and  ASA  1600  film,  a  minimum 
exposure  time  of  1/60  s  was  required  for  the  air  flows,  seeded  with  oil  particles,  as  described  below.  For 
video  recordings,  a  Sony  video  camera  and  monitor  were  used  in  conjunction  with  a  Sony  video  tape-recorder 
which  facilitated  play-back  in  slow  motion. 

For  flow  visualization,  the  coolant  air  was  'seeded'  by  means  of  a  Concept  smoke  generator.  This 
vapourized  Shell  Ondina  oil,  and  the  resulting  'smoke'  was  driven-off  with  carbon  dioxide.  The  size  of  the 
oil  particles  was  approximately  0.8  urn  diameter.  For  laser  doppler  anemometry,  the  air  was  seeded  by  means 
of  a  Norgren  'micro-foe  lubricator'  which  generated  particles  of  approximately  2  urn  diameter. 

2.3  The  laser  doppler  anemometer 

For  measurements  in  the  isothermal  rotating  cavity  rig  shown  in  Figs,  lb  and  lc,  the  LDA  optics  were 
arranged  in  a  forward-scatter  real-fringe  mode.  This  is  illustrated  in  Fig. 2  where  the  incident  beams  are 
arranged  to  detect  the  radial  component  of  velocity. 

For  forward-scatter,  the  transmitting  optics  comprised  a  5  mW  He  Ne  laser  (wavelength  632.8  nm) ,  a  ro¬ 
tating  diffraction  grating,  steering  prisms  and  transmitting  Lens.  The  receiving  optics  comprised  an  f  1.8 
50  mm  lens,  50  Mm  adjustable  pinhole  and  an  EMI  9558  B  photomultiplier  tube,  all  of  which  were  contained  in 
a  single  housing. 

The  diffraction  grating  was  a  bleached  radial  grating  with  21,600  lines  on  an  effective  diameter  of 
133  an.  Approximately  50  per  cent  of  the  incident  light  was  transmitted  in  the  first-order  beams,  and  a 
rotational  speed  of  2570  rev/min  produced  a  frequency  shift  of  1.85  Mflz.  The  grating  could  be  yawed  about 
its  optical  axis,  allowing  measurements  to  be  made  in  either  of  two  orthogonal  directiona.  The  emergent 
first-order  beams  were  reflected  by  steering  prisms  to  create  two  parallel  beams,  with  a  separation  distance 
of  50  am,  which  were  focussed  at  the  optical  probe  volume  by  the  transmitting  lens.  For  forward  scatter, 
with  a  transmitting  lens  of  200  mm  focal  length,  the  prob^  volume  was  approximately  0.25  mm  diameter  and 
2  mo  long,  and  the  fringe  spacing  was  approximately  2.5  ym. 

For  the  heat  transfer  rig,  where  the  only  optical  access  was  through  the  perspex  shroud,  the  LDA  optics 
were  arranged  in  back-scatter.  Under  these  conditions,  the  2  W  argon-ion  laser  (wavelength,  514  nm)  was 
used  in  conjunction  with  a  conventional  beam  splitting  cube.  A  beam  separation  of  30  mm  and  a  transmitting 
lens  of  focal  length  300  mn  wss  used.  As  velocity  measurements  in  back-scatter  were  limited  to  the  tang- 
entlal  component  of  velocity  in  the  fluid  core,  well  ewey  from  the  diec  surface#,  no  frequency  shifting  we# 
necessary. 

The  doppler  signel  from  the  photomultiplier  was  processed  by  a  Cambridge  Consultants  tracking  filteT, 
which  had  an  upper  frequency  limit  of  15  MHz.  The  tracker  output  voltage,  which  was  proportional  to  the 
magnitude  of  the  velocity  component  being  measured,  was  passed  into  either  a  Solartron  Time-Domain  Analyzer 
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1  FLftV  VISUALIZATION 

1. 1  Sealing  an  air-cooled  turbine  disc 

Fig.  ia  shows  the  geometry  examined  in  this  investigation.  Previous  tests  on  a  similar  geometry  f  4 ; 

shove  j  that  the  mir.imiim  d  jmension  less  flow  rate,  C  necessary  to  prevent  ingress  of  external  fluid  into 

w.min 

the  cavity  between  the  rotor  and  stator  could  be  estimated  from 


The  above  relationship  was  based  on  pressure  measurements  obtained  on  the  stator  and  shroud  for  clearance 

ratios  of  G  *  0.0033  and  0.0067. 
c 


Using  the  rig  described  in  Section  2.1,  flow  vi sual ization  was  used  to  supplement  the  pressure  measure¬ 
ments  for  values  of  G^  from  0.0025  to  0.04.  Using  th*»  argon-ion  laser  and  the  optics  described  in  Section 

2.2,  slit  illumination  in  the  r-z  plane  enabled  the  flow  strvi-t\>Te  to  be  studied.  The  injection  of  snrtke 
into  the  main  ‘coolant’  air  supply  entering  at  the  centre  of  stator  (Ventral  seeding’)  revealed  the  basic 
flow  patterns;  injection  of  smoke  at  the  outside  of  the  cavity  (’peripheral  seeding’)  revealed  the  point 
at  which  ingress  first  occurred  and  the  extent  of  subsequent  penetration  of  external  flow  into  the  cavity. 

.  U 

Photographs  obtained  using  both  central  and  peripheral  seeding  at  Be.  -  5  x  10  ,  C.  -  0.01  and  0.02,  and 

b  c 

*  280,  395  and  485  are  shown  in  Fig.  3.  It  should  be  pointed  out  that,  for  each  flow  condition,  a  sequ¬ 
ence  of  photographs  was  taken  from  the  time  that  smoke  entered  the  cavity  to  the  time  when  no  further  changes 
in  smoke  patterns  were  discernible.  The  particular  photographs  that  appear  in  Fig.  3  were  chosen  to  provide 
the  maximum  information  on  the  flow  structure.  It  should  also  be  noted  that  the  lower  half  of  the  cavity  is 
shown  (that  is,  the  ‘coolant’  flow  enters  near  the  top  left-hand  side  and  leaves  near  the  bottom  right-hand 
side  of  the  photograph  )  and  reflections  cause  mirror  images  (particularly  on  the  stator  side). 


Referring  to  Fig.  3  for  Gc  »  0.01  and  -  280,  the  flow  in  the  cavity  is  mainly  laminar  although,  using 

central  seeding,  large  instabilities  in  the  reverse  flow  near  the  stator  are  clearly  visible  for  r/b  *  0.6: 
using  peripheral  seeding,  smaller  instabilities  of  the  main  flow  near  the  rotor  can  he  seen  at  r/b  £  0.4. 
Similar  effects  are  visible  for  G c  *  0.02,  Cw  *  280.  For  this  flow  rate,  the  secondary  flow  in  the  cavity 

creates  one  large  recirculation  zone  centred  at  r/b  -  0.6,  z/s  -  0.7. 


For  Gc  -  0.01,  -  395,  central  seeding  shows  that  the  stator  instabilities  have  spread  towards  the 

centre  of  the  cavity  and  that  rotor  instabilities  have  increased  in  size.  The  nature  of  the  rotor  instabil¬ 
ities  are  clearly  visible  with  central  seeding  at  Gc  -  0.02,  and  two  large  vortices  can  be  seen  near  r/b  ~  0.5. 

For  Gc  *  0.01,  Cw  -  485,  central  seeding  reveals  that  the  rotor  vortices  have  grown  in  size,  and  in  number, 

and  have  interacted  with  the  stator  vortices  to  effectively  divide  the  cavity  into  inner  and  outer  reciru- 
lation  zones.  This  effect  can  also  be  seen  for  Gp  *  0.02,  Cw  -  485,  and  peripheral  seeding  reveals  the 

presence  of  an  inner  zone  for  r/b  <  0.4  and  an  outer  zone  for  r/b  >  0.6.  Further  increase  in  flow  rate 
causes  an  increase  in  turbulence  in  the  cavity,  but  the  overall  flow  structure  is  not  materially  altered. 
Increasing  the  rotational  speed  does  not  significantly  affect  the  sequence  of  events  described  above.  How¬ 
ever,  at  high  rotational  speeds,  cltar  flow  visualization  is  more  difficult  to  achieve. 


In  order  to  determine  incipient  ingress,  the  rotational  speed  was  kept  constant  and  the  flow  rate  was 
slowly  increased  until  smoke,  injected  at  the  periphery,  failed  to  enter  the  cavity.  The  values  of  C 

v,min 

obtained  in  this  way  were  consistently  greater  than  those  deduced  from  pressure  measurements  suggesting 
that  flow  visualization  provided  a  more  sensitive  test  for  ingress.  For  the  range  of  clearance  ratios 
tested,  the  results  were  correlated  (See  (5))  by 


w,min 
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(2) 


3.2  The  rotating  cavity  with  axial  throughflow 


Fig.  lb  shows  the  geometry  that  was  studied  by  Owen  and  Bilimoria  (2)  who  observed  that  relatively  small 
changes  in  rotational  speed  or  axial  flow  rate  could,  under  certain  conditions,  cause  dramatic  increases  in 
heat  transfer  rate-  With  the  isothermal  rig  described  in  Section  2,  Owen  and  Pincombe  (1)  used  flow 

visualization  to  show  that  vortex  breakdown  could  occur;  this  phenomenon  could  dramatically  alter  the  flow 
structure  (and  hence  alter  the  heat  tranafer)  inside  the  cavity. 


Using  the  J  aW  He  Ne  laser  to  illuminate  the  r-z  plane,  it  was  possible  to  visualize  the  flow  structure 
and  to  identify  the  onset  of  vortex  breakdown.  Typical  flow  patterns  for  G  -  0.53  and  Re  •  5000  (turbulent 

Z 

flow)  are  shown  in  Fig.  4  where  the  shading  is  used  to  represent  regions  where  the  smoke  penetrated  quickly 
by  convection  and  dashed  lines  are  used  to  imply  intermi ttency  or  uncertainty. 


A  powerful  axisymnetric  toroidal  vortex  centred  at  r/b  «  0.8,  z/s  *  0.5  caused  smoke  to  fill  the  en¬ 
tire  cavityx  as  shown  in  Fig.  4a.  No  obvious  effect  of  rotational  spead  was  seen  uitil  the  Rotsby  number, 
t(where  e  iW/fta  •  50  Rez/  Reg),  was  reduced  from  «  (the  stationary  value)to  e  *  100,  where  an  occasional 

precession  of  the  mein  axial  jet  about  the  central  axia  could  be  seen.  As  the  Rosaby  number  was  furthsr 
reduced,  the  jet  precession  occurred  more  regularly  and  eventually  became  contlnuoue,  ae  illustrated  in 
Fig. 4b.  This  fora  a  spiral  vortex  breakdown  was  termed  'mode  la'  breakdown,  ('aode  I'  is  used  for  sll 
spirsl  vortex  breakdowns;  'aode  II'  is  used  foT  sll  axisyonetric  vortex  breakdowns),  and  it  reached  its 
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maximum  intensity  at  *  -  21.  whereafter,  at  higher  rotational  speeds,  the  ;et  sudden!  v  stopped  preceding. 
If  for  *  <  21,  when  the  jet  had  resumed  its  central  position,  the  Rossby  number  was  increased  fhv  s^eed 
reduction  or  by  flow  increase),  the  jet  did  not  resume  its  precession  until  -  '•*  2 3 . 

For  ?  '21,  the  jet  appeared  to  be  ax i symme t r i c  with  occasional  oscillations  of  the  jet  boundaries 
and  this  was  termed  mode  I  la .  Occasional  excursions  of  the  jet  into  the  cavity  were  observed;  and  for 
c  <  10,  an  inner  core  of  smoke  with  imprecise  boundaries  was  formed  as  shown  in  Fig.  Ur.  As  '  was  further 
reduced,  the  core  shrank  in  size  and  the  occurrence  of  the  excursion  of  the  jet  into  the  cavity  increased. 

At  f  ^  2.6,  the  jet  took  on  the  appearance  of  a  flickering  flame,  as  shown  in  Fig.  id,  and  this  was 
termed  mode  Tb.  No  further  change  in  behaviour  occurred  until  *  ~  1.5  when  signs  of  intermittent  reverse 
flow  were  observed  at  the  downstream  end  of  the  jet.  A  further  increase  in  speed  caused  the  smoke  core  to 
expand  in  size  to  reach  a  maximum  value  at  ■'  a  1.  This  form  of  breakdown,  termed  lib,  is  shown  in  Fig.ie. 

The  boundaries  of  these  four  modes  of  vortex  breakdown  were  delineated  for  a  range  of  flow  rates  and 
the  results  are  shown  in  Fig.  5. 

3.3  The  rotating  cavity  with  radial  outflow 

Referring  to  the  geometry  shown  in  Fig.  lc,  Hide  (6)  analysed  the  case  of  a  rotating  cavity  with  a  1 am- 
inar  source-sink  flow  by  considering  the  flow  structure  to  comprise  four  regions: 

(i)  an  inner  layer  of  thickness  A  • 

i 

(ii)  separate  Ekman  layers  with  a  thickness  of  3D  (D  3  (v/f:)  )  on  each  disc; 

(iii)  an  outer  layer  of  thickness  A^; 

(iv)  a  potential  core  in  which  the  axial  and  radial  components  of  velocity  are  zero. 

Flow  visualization  was  used  by  Owen  and  Pincombe  (7)  to  study  the  flow  structure  for  the  case  of  a  uni¬ 
form  source  where  the  flow  enters  radially  (Hide's  case)  and  the  case  where  the  flow  enters  axially  (the 
gas  turbine  case).  The  isothermal  cavity  rig  described  in  Section  2  was  used  where,  for  the  radial  inlet 
case,  a  rotating  tubular  gauge  located  at  r  »  a  was  used  to  create  a  uniform  source  flow.  The  r-z  plane 
was  illuminated  by  the  argon-ion  laser,  and  by  pulsing  the  smoke  generator  it  was  possible  to  observe  the 
flow  structure.  Photographs  were  taken  in  side  scatter,  and  typical  examples  of  the  flow  structure  for  the 
radial  and  axial  inlet  cases  can  be  seen  in  Fig. 6. 

It  should  be  noted  that  smoke  is  injected  into  the  air  flow  on  the  left -hand-side  of  the  cavity,  and 
the  mirror  images  on  the  disc  surfaces  at  z  -  0,  s  should  be  ignored.  Figs.  6a  and  b,  show  the  inner  and 
outer  layers,  Ekman  layers  and  potential  core  (which  stands  out  as  a  black  region  into  which  the  white 
smoke  has  not  penetrated)  for  the  radial  and  axial  inlet  cases,  respectively,  at  Cy  -  79  and  Re.  *  2.5  x  in 

For  the  axial  inlet  case,  the  asymmetry  of  the  central  axial  jet  is  attributed  to  vortex  breakdown.  Also, 
although  the  flow  is  predominantly  laminar,  cellular  disturbances  can  be  seen  on  the  Ekman  layers  for  both 
inlet  cases.  These  disturbances  increase  with  increasing  values  of  Rer(Ref  =  C^b/2^r)t  and  for  Re^  >  140 

*  finger-like T  disturbances  were  clearly  visible;  it  was  believed  that  these  finger-like  disturbances  signal 
led  the  onset  of  turbulence. 

4 

Fig.  6c  shows  the  axial  inlet  case  at  a  higher  flow  rate,  C  *  314,  ReQ  *  2.5  x  10  .  Unlike  the  pre- 

w  y 

vious  case,  the  axial  jet  impinges  axisynmetrieally  on  the  downstream  disc  to  form  a  radial  wall  jet.  At 
r/b  -  0.5,  this  jet  separates  from  the  downstream  disc , effectively  dividing  the  cavity  into  two  distinct 
flow  systems;  the  inner  system  (formerly  considered  to  be  the  inner  ’layer'),  is  bounded  by  the  central 
axial  jet,  boundary  layers  in  each  disc,  and  the  'separation  layer'  for  0.5  <.  r/b  <  0.75;  the  outer  system 
is  bounded  by  the  separation  layer,  Ekman  layers  on  each  disc,  and  the  outer  layer  at  r/b  -  1 .  A  distinc¬ 
tion  is  made  in  the  terms  'Ekman  layers',  where  convective  acceleration  is  weak  and  the  flow  rate  up 
each  disc  is  equal  to  half  the  total  flow  rate,  and  'boundary  layers',  where  convective  acceleration  is 
strong anc^  the  flows  in  the  two  boundary  layers  are  unequal. 

Flow  visualization  has  also  been  used  to  study  radial  outflow  on  the  heat  transfer  rig  described  in 
Section  2.  Under  heated  conditions  four  regimes  of  flow  have  been  identified: 

(a)  the  inner  and  outer  layers  fill  the  entire  cavity; 

(b)  Ekman  layers  exist; 

(c)  the  inner  layer  oscillates; 

(d)  the  flow  becomes  chaotic. 

For  a  given  flow  rate  and  with  the  downstream  disc  heated,  the  flow  moves  from  regime  (a)  to  (b)  to  (c)  to 
(d)  as  the  rotational  speed  is  increased.  The  first  three  regimes  correspond  to  the  heat  transfer  regimes 
identified  by  Owen  and  Bilimoria  (2),  and  regime  (d)  is  believed  to  signsl  the  onset  of  free  convection 
inside  the  cavity. 

Further  details  of  the  flow  visualization  can  be  found  in  (2)  and  (7).  The  use  of  laser  doppler  anem- 
ometry  to  quantify  the  flow  in  these  rotating  cavities  ^s  discussed  in  Section  4. 

4  MEASUREMENTS  BY  LASER  DOPPLER  ANEMDMETKY 


4.1  The  rotating  cavity  with  axial  throughflow 

For  the  isothermal  rotating  cavity  rig  described  in  Section  2,  measurements  of  the  radial  and  tangent¬ 
ial  components  of  velocity  were  made  by  'looking  through'  the  perspex  discs,  and  measurements  of  the  axial 
and  tangential  components  were  made  'looking  through'  the  shroud.  In  both  cases,  forward  scatter  was  emp¬ 
loyed  using  the  5  aW  He  Ne  laser. 


It  was  found  that,  near  the  rentre  f  the  ravity,  (r/b  *  n.iU)  the  axiai  t hr -*ughf  1  nv  could  rj-.ise  me 
tangential  velocity  to  exceed  the  local  d  i  sc  speed  by  a  factor  of  twenty  or  more,  as  ran  he  seer,  from  Fig. 
7.  As  the  rotational  speed  is  increased  (?”*  is  increased)  V^/.'.r  tends  to  unity;  that  is,  at  small  values 
of  *,  the  fluid  in  the  cavity  tends  to  rotate  as  a  solid  body.  The  d  i  scont  i  nu  i  ty  at  •“*  -  0.04S  (-  *  <  ?  > 
is  caused  by  the  change  from  mode  la  to  Ha,  as  described  in  Section  ).2. 

The  various  modes  of  vortex  breakdown  could  also  be  identified  hv  exami na t i on  of  the  power  specrrum  of 
the  tangential  component  of  velocity.  During  vortex  breakdown  there  was  a  good  correlation  between  r he 
visual  observation  of  jet  oscillations  and  the  appearance  of  'peaks’  in  the  power  spectrum.  When  it  was 
possible  to  time  the  visually  observed  precession  of  the  jet,  close  agreement  was  found  berween  rhe  timed 
results  and  the  frequency  of  the  dominant  spectral  peak.  F.xamples  of  the  spectra  for  laminar  and  turhulen* 
flow  are  shown  in  Fig. 8.  The  dominant  spike  of  Figs.  8a,  c,  e  are  associated  with  mode  I  ("spiral)  break¬ 
down;  the  peak  plus  higher  harmonics  of  Figs. 8b,  d,  f  are  associated  with  mode  II  (axi symmer r ic )  breakdown. 
The  spectral  ’signatures*  of  the  vortex  breakdowns  were  used  to  delineate  the  boundaries  between  modes,  and 
the  results  obtained  were  consistent  with  those  obtained  by  flow  visualization. 

4 .2  The  rotating  cavity  with  radial  outflow 


For  laminar  source-sink  flow,  Hide  (6)  has  shown  that  the  radial  and  tangential  mwients  of  velocity 
referred  to  a  rotating  coordinate  system,  u  and  v,  respect i vely ,  are  given  by 


-  -z/D  ,  . 

u  *  -ve  sin(z/D) 

1 1) 

a  nd 

-  -z/D  ,  ... 

v  -  v  *  -ve  c r>9  ( z  /D) 

(4) 

whe  re 

v  *  -Q/2TrrD 

(5) 

Q  being  the  volumetric  rate.  The  above  equations  apply  between  the  inner  and  outer  layers,  and  are  only 
valid  for  small  values  of  the  radial  Rossby  number,  ep(c  =  Q/A^rflD) .  Faller  (8)  has  obtained  an  improved 

estimate  for  v,  the  tangential  velocity  of  the  potential  core,  where 


v  *  -  *-%■  (1  *  0.3f  +  0.388r  2  ♦  .  .  .) 

27rrD  r  r 


(6) 


Owen,  Pincombe  and  Onur  (3)  obtained  solutions  for  the  turbulent  integral  equations  using  1/7C^  power 
law  profiles.  For  isothermal  flow, 


and  for 
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non-iso thermal  flow 
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AT  being  the  temperature  difference  between  the  heated  disc  and  the  cooling  air,  and  the  subscript  ’o’  ref¬ 
erring  to  the  isothermal  case. 

The  isothermal  rotating  cavity  rig  described  in  Section  2  was  used  for  the  laminar  experiments,  and 
measurements  were  made  with  the  LDA  in  forward  scatter  using  the  5  mW  He  Ne  laser.  Fig.  9  shows  a  typical 
comparison  between  the  measured  velocity  components  (Vg  *  v  ♦  ftr)  and  those  predicted  from  eqns.(3)  and  (4) 
(using  eqn.  (6)  for  v) .  Measurements  were  obtained  for  the  radial  inlet  case  of  Hide  and  the  axial  inlet 
case  applicable  to  a  gas  turbine.  It  can  be  seen  that  the  inlet  conditons  have  only  a  weak  effect  on  the 
flow  in  the  Ekman  layers,  and  agreement  between  the  measured  and  theoretical  values  is  good. 

The  heat  transfer  rig  was  used  to  achieve  turbulent  flow  and  to  produce  non -isothermal  conditions.  The 
only  optical  access  was  through  the  perspex  shroud  with  the  LDA  optics  arranged  radially  in  the  back-scatter 
mode.  The  optical  quality  of  the  shroud,  which  contained  thirty  holes  and  tended  to  fog-up  with  oil  parti¬ 
cles,  made  measurement  extremely  difficult.  Measurements  were,  therefore,  limited  to  the  tangential  com¬ 
ponent  of  velocity  in  the  mid-axial  plane  (z/s  *  0.5). 

The  effect  of  flow  rate  on  the  transition  from  laminar  to  turbulent  flow  can  be  clearly  seen  in  Fig. 10. 
The  measurements  were  made  in  isothermal  flow  at  a  gap  ratio  of  G  *  0.133  and  a  radius  ratio  of  r/b  *  0.767. 
For  all  three  values  of  ReQ,  transition  occurs  at  Cw  *  860  (Rer  *  180),  which  is  the  intercept  of  eqns.(5) 

and  (7).  For  small  radii  (Rer  >  180),  the  flow  in  the  Ekman  layers  is  turbulent;  for  large  radii  (Rer  <  180) 
the  flow  is  laminar. 


In  Fig.  11,  the  radial  distribution  of  the  turbulent  tangential  velocity  is  shown  at  G  *  0.133  for 
Re^  •  0.4,  0.6  and  1.0  x  10°.  For  BAT  »  0.27  these  three  values  of  Reg  cause  the  steady,  oscillating  and 

chaotic  flow  described  in  Section  3.3.  The  small  reduction  in  \L  caused  by  heating  at  the  two  lower  values 
of  Reg  is  consistent  with  that  given  by  eqn. (8).  At  Re^  *  10^,  the  drop  in  the  isothermal  data  below  the 

theoretical  curve  for  r/b  >  0.9  is  attributed  to  ingress  of  external  fluid  into  the  cavity  via  the  holes  in 
the  shroud.  At  the  highest  value  of  Reg  ,  heating  (BAT  2  0.27)  causes  chaotic  flow  which  tends  to  create 

a  forced  vortex  where  V^/ftr  2  0.6. 

Further  details  of  the  velocity  measurements,  and  power  spectra  obtained  from  them,  are  given  in  (3). 
The  effect  of  these  flows  on  the  heat  transfer  in  a  rotating  cavity  is  discussed  in  Section  5. 
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S  HEAT  TRANSFER  IN  ROTATING  CAVITIES 

Using  the  heat  transfer  rig  described  in  Section  2.1,  Owen  and  Biliamria  (2)  obtained  heat  transfer 
rates  for  the  case  of  the  rotating  cavity  with  axial  throughflov.  It  was  only  by  the  use  of  the  flow 
visual i zat ion  techniques  described  in  Section  3.2,  that  the  dramatic  changes  of  heat  transfer  that  they 
measured  were  linked  to  the  occurrence  of  vortex  breakdown. 

For  the  case  of  the  rotating  cavity  with  radial  outflow,  Owen  and  Bilimoria  identified  three  regies  of 
heat  transfer.  At  low  rotational  speeds,  in  regime  (i).  the  mean  Nusselt  nu»bers(on  the  heated  downstream 
disc)  was  independent  of  Re^.  ;  at  intermediate  speeds,  in  regime  (ii),  Nu  <*  Re^J ;  at  high  speeds, in  regimp 

(iii),  Nu  was  only  weakly  dependent  on  Re^.  These  three  regimes  were  attributed  to  the  cases  where  (i)  the 

inner  and  outer  layers  fill  the  entire  cavity,  (ii)  Ekman  layers  begin  to  develop,  (iii)  the  Ekman  layers 
are  fully  developed. 


Mean  Nusselt  numbers  in  the  above  regimes  can  be  correlated  by 


regime 

(i): 

1C  -  1.94  G1/6  C  2/3 

w 

(10) 

regime 

(ii): 

Nu  *  0.0688  C  1/3  Re  3/2 

w  9 

(11) 
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(iii) 
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The  boundary  between  regimes  (i)  and  (ii)  are  correlated  by 

28 

and  the  boundary  between  (ii)  and  (iii)  by 

510 


-1/3Re91/2 
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In  a  more  recent  study  (3),  the  flow  visualization  described  in  Section  3.3  revealed  that  regime  (iii) 
only  occurred  during  heating  (BAT  ~  0.27)  and  was  associated  wi th  buoyancy-induced  oscillations.  It  was 
believed  to  be  the  first  step  towards  free  convection  inside  the  cavity. 


From  the  solution  of  the  turbulent  integral  Ekman 
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1/2 

Re0  (1  ♦  O.O532X0o) 


layer  equations,  Owen,  Pincombe  and  Onur  (3)  showed 


(15) 


where,  for  a  Prandtl  number  of  unity  and  a  quadratic  temperature  rise  over  the  rotating  disc,  C  *  0.o79l . 
The  experieim tal  data  were  obtained  for  air  (Pr  *  0.71),  and  as  no  allowance  was  made  in  the  theoretical 
model  for  the  presence  of  inner  and  outer  layers,  it  is  not  surprising  that  the  agreement  between  eqn.(ll) 
(for  the  Ekman  layer  regime)  and  eqn.(15)  is  not  perfect. 

Using  eqn.(15),  a  regression  fit  was  made  on  thff  regime  (ii)  data,  and  the  'best*  value  of  c  was  found 
to  be  0.0453.  For  62  data  points  for  G  -  0.133,  0.267  and  0.4,  900  <  C  <  8.4  x  104,  105  <  Re  <  2  x  10®, 

W  0 

the  correlation  coefficient  was  0.994.  Fig. 12  shows  the  comparison  between  eqn.(15)  with  c  »  0.0453,  and 
the  measured  mean  Nusselt  numbers.  Apart  from  the  overestimate  at  small  values  of  Cw,  the  fit  in  regime 

(ii)  is  good;  the  fit  is  obviously  not  effective  in  regime  (i),  (where  Nu  is  virtually  independent  of  Re0), 
or  in  regime  (iii)  (where  buoyancy  causes  oscillating,  and  eventually  chaotic,  flow). 


6  CONCLUSIONS 


Flow  visualization  and  laser  doppler  anemometry  have  been  used  to  provide  a  better  understanding  of  flow 
structure  and  convective  heat  transfer  inside  rotating  cavities.  Three  different  gas  turbine  configurations 
have  been  studied. 

In  the  first,  a  model  of  an  air-cooled  gas  turbine  disc  rotating  close  to  a  stator  has  been  used  to 
study  the  ingress  of  hot  gas  into  the  system.  Flow  visualization  has  been  used  to  examine  the  flow  struct¬ 
ure  and  to  identify  the  point  at  which  ingress  first  appears. 

In  the  second,  a  model  of  corotating  compressor  discs  with  an  axial  throughflow  of  coolant  has  been 
studied.  Using  flow  visualization  and  LDA,  vortex  breakdown  has  been  identified  and  formerly  inexplicable 
heat  transfer  behaviour  has  been  explained. 

In  the  third,  a  model  of  corotating  turbine  discs  with  a  radial  outflow  of  coolant  has  been  examined. 
Flow  visualization  has  been  used  to  determine  the  flow  structure  and  to  identify  the  different  flow  regimes. 
LDA  has  been  used  to  measure  the  velocity  distribution  between  the  rotating  discs,  and  the  results  have  been 
compared  with  theoretical  models.  The  different  heat  transfer  regimes,  delineated  from  correlations  of  the 
mean  Nusselt  numbers,  correspond  to  the  regimes  identified  by  the  flow  visualization  and  LDA  measurements. 
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Fig.  1  Schematic  diagram  of  rotating  disc  systems. 
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Fig.  2  Schematic  diagram  of  flow  visualization  and  LDA  optics 


Fig.  A  Visual  impressions  of  flow  inside  a  rotating  cavity  with  turbulent  axial  throughflow 
foT  G  *  0.53,  Re  «  5000. 

(a)  (b)  (c)  (d)  (e) 
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Fig.  7. tangent ial  velocity  variation  for  the  rotating  cavity  with  turbulent  axial 
throughflow  for  r-  -  0.53,  r/b  ■  0.133,  z/s  »  0.189. 
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Fig. 8.  Power  spectrum  of  the  tangential  component  of  velocity  for 
the  rotating  cavity  with  axial  throughflov  for  C  -  0.53, 
r/b  ■  0.53,  a/s  *  0.5. 
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RESUME  - 

L ’ object i f  des  travaux  preserves  ici  etait  de  cor.fronter,  lar.s  des  conditions  expe- 
rimentaies  tres  differe.otes,  des  mesures  de  concentration  de  l'oxyie  r.itrique  S'  dans  des 
produits  de  combustion,  effectuees  simui tar.eper.t  par  spectrom.etrie  d ’ absorpt ion  V.7.  et 
par  preieverr.ent  et  dosage  a  i'aide  d'ur.  analyseur  5  chirni luminescence .  Les  travaux  or.t 
mor.tre  qu'ii  faut  te.nir  compte  des  absorptions  parasite-  de  i'oxyg^ne  et  de  ;  'anhydride 
carbon ique  des  que  les  temperatures  depassent  environ  TOO  K  pour  ia  bande  v(i,0)  et  JC.~  Y 
pour  la  bande  y(D,G).  De  plus  des  nesures  effectuees  dans  ie  jet  d'ur,  turfcor6acteur  au 
banc  d'essai  3  la  SNECMA  or.t  mor.tre  que  d'autres  especes  parasites  non  encore  identifies 
(probablement  des  imbrules)  interferaient  avec  ia  nesure. 

1  -  INTRODUCTION  - 

La  validation  exper imentale  des  nodeles  de  formation  des  oxydes  d'azote  dans  les 
foyers  de^turboraachine,  comne  i 'appl icat .on  de  normes  concernant  les  quant  it6s  d'oxyde 
r.itrique  emises  par  les  moteurs,  implique  que  1'on  puisse  fairp  confiance  aux  methodes  ie 
mesure  de  concentration  utilisees.  La  methode  la  plus  ccuranment  employee  est  le  p.-elAve- 
ment  par^sonde  et  le  dosage  3  I'aide  d '  un  analyseur  3  chiniluminescer.ee .  Or  les  sondes 
peuvent  etre  le  siSge  de  reactions de  reduction  ou  d’oxydatioo  de  NC  /cf.  par  exemple  : 
ref.  1/,  entraxnant  une  sous-est imatior.  de  la  concentration  reelle  au  point  de  mesure. 
C'est  ainsi^que  la  concentration  en  NOj  indiquee  par  1 'analyseur  peut  5tre  interpretee 
soit  comme  etant  celle  reellement  presente  dans  la  flamme,  soit  comme  resultant  d'une 
oxydation  de  NO  ayant  lieu  au  cours  du  preldvement  /2,3,A/. 

Par  ailleurs  les  conclusions  des  confrontations  entre  nesures  par  prelfvement  et 
mesures  par  absorption  U.V.  ne  concordent  pas  :  les  rSsultats  traduisent  soit  un  bon 
accord  entre  les  deux  types  de  mesure  /5,6/,  soit  un  disaccord  important,la  mesure  par 
absorption  U.V.  indiquant  alors  une  concentration  de  NO  sup£rieure  3  celle  donn@e  par 
les  prel&vements  et  analyses  /7,8/. 

Ces  differences  d ' interpretation  pouvant  r£sulter  de  conditions  experimental® s  ou 
de  modes  operatoires  diffSrents,  il  nous  a  paru  utile  de  reprendre  la  confrontation  en¬ 
tre  mesures  par  preldvement  et  analyse,  en  appliquant  les  mimes  techniques  dans  trois 
sortes  d'Scoulement  differents  :  gaz  bruits  produits  par  un  bruleur  type  MEKER,  foyer 
tubulaire  et  jet  d'un  turboreacteur . 

2  -  METHODE  DE  MESURE  PAR  ABSORPTION  U.V.  - 

2.1  -  Expression  du  taux  de  transmission  - 

Les  bases  de  la  methode  de  mesure  de  la  concentration  de  NO  par  mesure  d'absorption 
dans  l’ultra-violet  peuvent  etre  trouv6es  dans  les  ouvrages  de  HERZBERG  /9/  et  de  PENNER 
/10/,  ainsique  dans  les  travaux  de  DAVIS  et  al.  / 1 1 /  et  de  MUELLER  /5Z.  Nous  avons  toute- 
?oi3  determine,  3  I'aide  de  notre  propre  montage  experimental  et  de  melanges  etalons 
NO-N2,  les  valeurs  des  paramdtres  d ' Slargissement  de  raie  pour  les  deux  bandes  y(l,0)  et 
Y (0,0) ,  qui  sont  les  plus  intenses,  et  trouvS  respectivement  1810  K/bar  et  i860  K/bar. 

En. raison  de  la  structure  trSs  fine  du  spectre  de  rotation  de  la  mollcule  de  NO, 
il  serait  necessaire  d'utili3er  un  spectrographe  3  tr3s  haute  resolution  pour  en  s£parer 
les  raies.  C'est  pourquoi  on  effectue  la  mesure  pour  un  intervalle  de  frequence  Av  cor- 
respondant  3  une  resolution  moyenne,  en  tenant  compte,  dans  le  calcul,  de  l'absorption 
resultant  de  1' ensemble  des  raies  correspondantes . 

Pour  un  milieu  absorbant  homogdne  d'Spa^sseur  b,  le  taux  de  transmission  de  la  lu- 
mi3re  issue  d'une  source  lumineuse,  peut  s'ecrire  sous  la  forme  : 


esv  est  1®  coefficient  spectral  d' emission  de  la  source 
d'absorption  du  milieu. 

Pour  un  milieu  optiquement  mince  od  b  kv  <<  1,  on  peul 


tAv 


IS 


b  k  ,  dv 


et  kv  le  coefficient  spectral 
ecrire  : 


(2-2) 


Or  pour  un  milieu  absorbant  3  la  pression  p  oil  la  fraction  molaire  de  NO  est  X„„,  k  est 
de  la  forme  :  NO*  v 


*v  *  XN0  P  Bv  <T) 


x  -  Affiliation presente 


:  SNIAS,  Service  pyrotechnique,  B.P.  96  -  78130  LES  MUREAUX. 
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'A  is  ,  est  ur.e  f  or.ct  ior.  de  la  temperature. 


on  ottier.t  one  relation  lineaire  : 

TAv  =  1  -  bp  XN0  ~v  VT)  du 

Si  ie  milieu  n'est  pas  optiquement  mince,  il  faut  tenir  compte  des  autres  terries  1  i  deve- 
loppement  de  e*  v.  On  peut  montrer  /12/  que#  pour  des  taux  d 'absorption  de  au  maxi¬ 

mum,  et  pour  Av  -  1,5  A  on  conmet  ur.e  erreur  inferieure  5  It  en  Scrivant  : 

TAv  =  exp  (-  bp  XN0 /  Sv  Bv(T)  dv) 

Av 

Ce  qui  signifie  que  le  milieu  suit  une  loi  de  LAMBERT. 

Si  l'on  note  : 

fu(T)  =  /  Sv  Bvm  dv 
Av 

on  peut  Scrire  : 

tAv  8  exp  (-  bp  XN0  fvCT))  t?-5) 

Ln  t  . 

.  v  Av 

ou  ■  XN0  -  "  b-pH^TT) 

Dans  le  cas  d'un  milieu  non  homogdne,  on  peut  6crire  : 

tAu  =  exp  ("  p/  XN0  fv(T)  dx)  (2'6) 

0 

Si  le  milieu  comporte  des  esp3ces  absorbantes  autres  que  NO,  de  fractions  molaires 
X^,  dont  l'absorption  suit  Sgalement  une  loi  de  LAMBERT  avec  une  fonction  g^v(T)  connue, 
gquivalente  de  la  fonction  fv(T)  pour  NO,  le  taux  de  transmission  devient  alors  : 

tAv  =  exp  (-  p/q  XN0  fv(T)  dx)  exp  (-  P  l/Q  Xi  «i  (T>  dx)  (?*7) 

d'oCl  l'on  peut  deduire  le  taux  d'absorption  qui  correspondrait  5  l'absorption  par  NO  seul. 

Le3  donn£es  de  la  litt£rature,  en  particulier  les  formules  empiriques  proposSes  par 
WHITING  /13/,  permettent  de  calculer  pour  un  intervalle  Av  donn£  la  fonction  fv(T)  pour  0 
les  bandes  y(1,0)  et  y(0,0).  La  figure  1  reprSsente  les  variations  de  fv(T)  pour  Av  =  1,37  A, 
valeur  correspondant  3  nos  conditions  de  mesure.  Afin  de  faciliter  les  calculs  nous  avons 
determine,  par  des  regressions  logar ithmiques ,  des  expressions  analytiques  approchSes  qui 
sont  r6sumees  dans  le  tableau  1  pour  Xjjo  en  ppm. 


bande 

Y ( 1 ,0 ) 

29"  K  <  T  <  800  K 

f  (T)  =  1,242. 10_1T_1’lb7+  6,774. 10_5exp(-2, 312. 10"3T) 

800  K  <  T  <  1600  K 

f (T)  =  1,638  T_1’b?3  +  8.831.10'5  exp(-  1,379.10_3T) 

bande 

Y(0,0) 

294  K  <  T  <  800  K 

f(T)  =  8,857. 10*2  T-1'205 

800  K  <  T  <  1600  K 

f (T)  =  9,063 . 10-7  exp( 1,676. 10^/T )  ♦ 

6.197.10-5  exp( -  1,397. 10'3  T) 

TABLEAU  1  -  Formes  analytiques  approchSes  de  la  fonction  fv(T)  pour  XNQ  en  ppm. 


2.2  -  Dispositif  de  mesure  et  sensibility  - 

Deux  sources  de  lumi3re  ont  StS  utilises  : 

-  une  lampe  au  deuterium  (type  BOWE  de  JOBIN-YVON), 

-  une  lampe  3  cathode  creuse  r6alis£e  au  laboratoire  d'apr3s  un  schema  propose  par 
MUELLER  / 5/ . 

L'analyseur  de  spectre  uti.ise  etait  un  monochromateur  JOBIN-YVON  type  HRS  1  6quip6 
d'un  photomultiplicateur  EMI  type  9558  QB.  Dans  les  conditions  de  nos  mesures,  sa  resolution 
etait  de  1,37  A. 

Le  seuil  de  sensibility  de  la  mesure  3  une  temperature  T  a  it  6  difini  par  le  produit 
Xfjo  b  p  correspondant  3  un  taux  d'absorption  de  5%,  soit  une  erreur  relative  de  10*.  Le 
tableau  2  resume  le3  valeurs  de  ce  seuil  pour  les  deux  sources  utilisies  et  pour  les  deux 
bandes  y(1,0)  et  y(0,0),  dans  l'intervalle  de  temperature  293  K  <  T  <  2000  K. 
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Pour  le  pr*  I  £  verier,  t  1  ’ ^char.til  1  or.s  gazeux  dans  ;  ,»crJ>-.pr.‘  ,  typer  1*  strier 

er.  acier  inoxylable  refroidi  or.t  *t*  utilises,  af  ;r.  :!e  comparer  >r  .-•'  3  . '.  ta  * a  .x-j.elr 
el ;«  conduisa  ient . 

Leux  des  sondes  avaient  un  tube  de  prel£vemer.t  de  diam^tre  i  r.r -'t  i  e  ,r  r-rrtar.t  de 
'.  mm,  et  re  differaient  que  par  ieurs  ?so"ftr  ies ,  :  ’  une  ayar.t  'trif;  re  1"  ;  r  :  sv  ’"fr,*-  i 
I  ’  ex*.  rsm  i  te  d'une  pointe  effilee  orient-'-e  dar.s  le  sens  de  fir,,  a  ,  ft 

1* autre  ayant  set  orifice  sur  le  cote  de  la  hampe  ( f is;.  ?b,;.  r.e  d-'bir  lar.r  *e?  de  «x  zrr.  - 
des  etait  r£gle  de  fa  son  que  la  vitesse  d* aspiration  3  I ’entree  st.t  *ga>  1  -elle  de 
I  'etoulener.t .  La  troisiSme  so-.de  avait  une  forme  i der.tique  1  la  premiere,  '.air  le  tote  !« 
pr^leyener.t  etait  r^treint  §  son  extrenite  de  fajor.  que  1'orifir"  cor.nti*  <e  »r.  '"1  r.rr.i- 
que  de  diar.Stre  1,1  mm. 

Les  lignes  de  liaisons  entre  les  sondes  et  l'analyseur  *taient  aussi  er.  icier  ir.'-xy- 
dable  et  avaient  un  diam^tre  interieur  de  3  mn.  Elies  conpcrtai ent  une  partie  p  I-.r.gee  iar.r. 
la  glace  fondante  afin  de  condenser  le  plus  possible  la  vapeur  d'eau  dont  la  presence  peut 
modifier  la  reponse  de  l'analyseur  a  chirailuninescer.ee. 

Ce  dernier  etait  un  TriESMOELECTRON  module  10  A.  Suivant  les  recommandations  faites  par 
divers  auteurs  / 3 , 1 1* /  nous  en  avor.s  regie  la  temperature  du  convert! sseur  entr°  35 1  et 
••0 0°C.  Afin  de  tenir  compte  de  la  presence  de  CO?  dans  les  echantil Ions  analyses,  nous 
avons  effeetuS  un  etalonnage  de  l'analyseur  3  l’aide  de  melanges  fitalcns  N't  -  N?  -  lly,  et 
avor.s  constatS  que  la  presence  de  CO?  entraine  une  surestimation  de  la  concentration  rlelle 
en  NO,  qui  ne  dSpasse  pas  toutefois  5t  pour  une  fraction  molaire  de  CO?  de  2~t  (fig.  3). 

Par  ailleurs  les  autres  espSces  stables  prSsentes  dans  les  gaz  etaient  dosees  par 
analyse  chromatographique ,  la  fraction  molaire  de  vapeur  d'eau  etant  deduite  d’un  bilan 
atomique  3  partir  de  la  composition  des  gaz  frais. 

4  -  MONTAGES  EXPERIMENTAL^  - 

Trois  montages  experimentaux,  realises  au  Laboratoire,  ont  Ste  utilises  pour  la  conpa- 
raison  entre  mesure  par  absorption  U.V.  et  raesure  par  prSlevement  :  un  petit  bruleur  a  flara- 
me  stabilisee  sur  une  grille  type  MEKER,  un  foyer  tubulaire  3  combustion  stabilisee  par 
melange  turbulent  de  gaz  brules  avec  les  gaz  frais,  et  un  four  amSnage  pour  y  faire  des 
mesures  d'absorption  dans  des  melanges  etalons.  Le  combustible  utilise  etait  du  propane. 

4.1  -  Le  bruleur  type  MEKER  - 

Ce  bruleur  (fig.  4)  vertical  de  section  constante  86  mm  x  104  mm,  -omporte  a  sa  base 
une  grille  en  laiton  analogue  3  celle  d'un  bruleur  MEKER,  avec  une  maille  carree  de  2  mm 
de  c6tS.  Au-dessus  de  cette  grille  sont  superposes  dans  l'ordre  : 

-  un  trongon  de  5  cm  de  haut,  revStu  interieurement  de  matSriau  rSfractaire, 

-  deux  grilles  croisees  refroidies  par  eau  permettant  de  refroidir  les  gaz  3  une  m§- 
me  temperature  pour  plusieurs  valeurs  de  la  richesse  (en  adaptant  le  dSbit  du  me¬ 
lange  frais), 

-  un  trongon  de  mesure  de  13  cm  de  haut,  muni  de  vitres  en  quartz  transparent  au 
rayonnenent  U.V.  et  de  passages  pour  sonde  3  thermocouple  ou  sonde  de  prSlSvement. 

Ce  brOleur  permettait  d'effectuer  des  mesures  dans  des  produits  de  combustion  3  des 
temperatures  comprises  entre  950  K  et  1250  K,  et  pour  des  r  (.chesses  de  mSlange  frais  va¬ 
riant  de  0,5  5  1,5. 

4.2  -  Le  foyer  tubulaire  - 

Le  foyer  tubulaire  a  £t§  realise  pour  permettre  l'Stude  de  la  variation  des  vitesses  de 
reactions  au  cours  de  la  combustion  turbulente  d'un  melange  hydrocarbure-air  stabilisee  par 
melange  de  gaz  brfll6s  avec  les  gaz  frais  /15/  (fig.  5).  Les  gaz  brOies,  produits  par  une 
chambre  de  combustion  speciale,  sont  melanges  rapidement  avec  les  gaz  frais  3  l'aide  d'un 
"meiangeur"  comportant  100  conduits  de  passage  des  gaz  brflies  et  dl  injecteurs  de  gaz  fra r s 
disposes  sur  sa  face  aval  3  l'entree  de  la  veine  d' experimentation  de  section  constante 
10  cm  x  10  cm,  pourvue  de  parois  refractaires . 

On  peut  done,  dans  cette  veine,  stabiliser  une  zone  de  combustion  distribuee  en  reglant 
le  rapport  des  deux  debits  de  gaz  br016s  et  de  gaz  frais  de  telle  sorte  que  la  temperature 
du  melange  forme  provoque  son  inflammation  spontanee  3  une  distance  voulue  en  aval  des 
injecteurs.  La  longueur  de  cette  zone  de  combustion  etait  d'environ  70  cm. 

4.3  -  Le  four  3  gaz  Stalons  - 

Afin  de  pouvoir  etudier  la  variation  en  fonction  de  la  temperature  de  l'absorption  due 
3  certains  gaz,  nous  avons  arnSnage  un  four  eiectrique  pour  pouvoir  y  introduire  des  melanges 
de  composition  connue  et  en  mesurer  le  taux  d'absorption  pour  les  longueurs  d'ondes  etudifes. 
Pour  cela  nous  avons  dispose  3  l'int6rieur  de  ce  four  un  tube  en  silice,  de  longueur  44  cm 
et  de  diamStre  interieur  4  cm,  comportant  3  chaque  extremite  un  bouchon  en  materiau  refrac- 
taire  muni  d'un  hublot  en  quartz  transparent  dans  l'U.V.  et  un  tube  de  raccordement  pour  le 
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passage  las  gaz  introduces. 

:  -  RFf','1. TATC  ET  INTERPRETAT I  ON'  - 

5  . '.  -  Experiences  sur  le  bruleur  type  MEKE°  - 

Nous  avons  mesure  simultanener.t ,  par  prelSver.er.b  »•.  analyse  ex  par 
la  concentration  de  NO  dans  1  *  ecoulement  de  gaz  brlies  do  trOieur  type  YFKF.R  po  .r  *  re ;  s 
valeurs  de  la  richesse  (0,6  3  ;  0,71  et  1,15),  er.  re giant  chaque  f-.is  •<»  -.a'.'.'r--' 

que  la  temperature  mesur^e  par  thermocouple  sur  1  'axe  dans  le  plan  de  aes4r*  s  it  i« 

1100  *  5  K.  La  source  utiiisfee  etait  la  lampe  3  dec  barge .  le  plus,  pair  fa  ire  var->r  :  a 
concentration  de  NO  sans  modifier  la  temperature,  nous  avons  aussi  effect.;"  l»s  *,»!  .res 
er.  injectar.t  dans  les  gaz  fra  is  de  1 'ammoniac ,  qyi  se  transforme  er.  N  er.  prtp'r*  ;-.r.  pi  .s 
ou  moins  importante  selor.  la  richesse. 

Les  resultats  des  mesures  par  pr5  lavement  ont  mor.tre  que  les  rappor*  s  d«s  fra-ti  r.c 
molaires  Xnoo^NQv  ^talent  toujours  faibles,  sompris  er.tre  0,05  et  0,11  q.elque  salt  :» 
type  de  sonde  utilise). 

Pour  confronter  les  deux  types  de  mesures,  nous  avons  represent5  sur  la  fir. re  1  >r, 
variations  de  -  Log  r  pour  la  bar.de  y(l,0)  er.  function  les  valeurs  i»  X»;  mes  ,r^»s  par 
pr€l8vement  sur  l'axe  du  bruleur  (cf.  relation  2-5).  Oes  resultats  metter.t  e.n  evidence  par 
extrapolation  un  taux  de  transmission  inferieur  5  1  pour  X.p  =  0.  Or.  salt  /:•,!'  que 
1'oxygdne  moleculaire  absorbe  3  haute  temperature  au  niveau  des  bar, des  v '  1 ,  ‘  ,  et  y  i. 

Mais  comme  le  taux  d'absorption  parasite  mis  en  evidence  depend  trs3  p.eu  de  la  ri¬ 
chesse,  il  apparait  qu'au  moins  une  autre  des  espdces  preserves  dans  les  gaz  brules  do; 
interferer  avec  la  mesure.  C'est  pourquoi  nous  avons  entrepris  des  mesures  d'absorption 
concernant  ces  esp£ces  3  l'aide  du  four  decrit  au  5  **.5. 

5.2  -  Determination  des  absorptions  parasites  - 

5.2.1  -  Nous  avons  mesure,  pour  les  deux  tandes  y(l,0)  et  yi.0,0)  en  utiiisar.t 
la  lampe  3  decharge,  la  variation  en  fonction  de  la  temperature  (jusqu'3  1 P’fi  K)  de  I'at- 
sorption  de  divers  melanges  constitues  par  chacur.  des  gaz  studies  iilue  dans  de  i  'argon. 
Nous  avons  constate  que  l'absorption  de  CO?  ne  peut  etre  neglige  des  TOO  K  pour  la  bande 
y(l,0)  et  dds  900  K  pour  la  bande  y(0,0),  et  celle  de  05  d?s  800  K  pour  y(l,0)  et  des 
1000  K  pour  y (0,0). (fig.  7  et  8)  ' 

Nous  avons  aussi  cherche  3  donner  pour  les  taux  d ' absorptions  correspondants  des 
expressions  approch^es.  Comme  le  milieu  absorbant  n'est  optiquement  mince  que  pour  les 
faibles  taux  d'absorption,  nous  avons  suppose  que  la  variation  en  fonction  de  1'epaisseur 
optique  du  milieu  suit  une  loi  de  LAMBERT,  ce  qui  peut  se  justifier  par  le  fait  que  les 
absorptions  de  D2  et  de  CO2  s'etendent  continQment  sur  1' ensemble  des  bandes  y  de  NO  et 
peuvent  done  §tre  considerSes  comme  constantes  sur  chacune  des  bandes  de  largeur  Av.  Nous 
avons  done  consider^  que  le  taux  de  transmission  x  de  la  lumi4re  a  travers  le  melange  dar.s 
le  four  pouvait  ?tr*e  §crit  sous  la  forme  : 

t  =  exp  (-  p  X.  le  giv(T))  (5-1) 

oil  Xi  est  la  fraction  molaire  de  l’espeee  consider§e,  le  la  longueur  effective  du  chemin 
optique  dans  le  four  et  gqv(T)  la  loi  d'absorption  en  fonction  de  la  temperature.  En  sup- 
posant  cette  dernidre  de  la  forme  : 

giv(T)  =  a  exp  (b  T) 

ou  giv(T)  =  a  exp  b/T^ 

nous  avons  obtenu  les  expressions  resum€es  dans  le  tableau  3  (pour  Xq  sans  dimension)  et 


espdee 

Longueur 
d'onde  (A) 

g(T)  —  a  exp(bT)  ou  a  exp(-b/T) 
avec  a  (cm_1atm"1)  et  b(K  ou  K_1) 

co2 

2147.1 

4,52.10"^  exp(5,76.10‘3T) 

°2 

2147.1 

4,1^  exp (  -  6,87.103/T) 

co2 

2261.0 

l,81.10'fc  exp( 7,35- 10-3/T) 

°2 

2261.0 

2,02.10_fc  exp(6,25.10_3T) 

TABLEAU  3 


porte  les  variations  correspondantes  de  a  =  1  -  t  sur  les  figures  7  et  8. 

5.2.2  -  Nous  avons  utilise  ces  lois  pour  calculer  .le  taux  d'absorption  parasite 
dans  les  gaz  brfllSs  du  brOleur  type  MEKER.  Pour  cela  nous  avons  int£gr£  les  lois  d'absorption 
de  O2  et  OO2  le  long  du  trajet  optique  en  prenant  la  temperature  mesuree  le  long  de  ce  trajet. 
Nous  avons  ainsi  obtenu  un  taux  d'absorption  parasite  de  2,0  i  0,2%,  quelle  que  soit  la 
richesse,  alors  que  les  valeurs  extrapoiees  3  partir  des  resultats  experimentaux  (cf.  fig. 5) 
donne  un  taux  d'absorption  parasite  compris  entre  2  et  2,5*  avec  une  precision  de  0,5*. 

A  la  precision  des  mesures  il  apparait  done  que  l'on  peut  admettre  que  l'absorption  para¬ 
site  mise  en  evidence  etait  bien  due  3  l'oxygSne  et  3  l'anhydride  carbonique. 


,;:•.)  f'  rm®"  °  *  •'  gu  . '  r.  7;  .  /  v  *1 ,  '■  .  r  '  t.ft.  ,r^’e'  s  .  r  .  'axe.  Nc  ,s  aver.?.  v*r:f 
■Tar-sorption  dquivaler.ee"  dtait  constant®  5  -  :  *  ;  cur  '“r.?"-;;.;?  Ies 
et  dga:®  3  sss  er.  n-  yer.r.®  au  lie.  i®  *. 1  — .. 


'ivjs  ir.r.3  air.si  represent®  s.r  La  fig  .re  : 

-  i  •  une  part  ies  fractions  se-iaires  i®  et  x  r.esur^s  par  ;r*:*ve-.®r.* 

;  *  axe  ro'ir  ricbesse  i  =  T.".  er.  f'.r.ot  ior.  ■ .1  vjle.r  -.®s  .  r-'o  !®  -  '  :.  -. 

-  1’autre  part  la  ir.oite  reprdser.tar.C  1  x-q  t  i  or.  2-"  f'  .r  .a  -,d~®  ‘  .:■•■  <■ 

pour  la  "longueur  equivalent?  1'aEscrpt ion"  dvterr  ir.*e  r  r-  ®r.*  ,  -  •  <■ 

nu  le  1* absorption  parasite  de  5;,  et  •  . 

'.n  constate  que  ies  valours  de  X,--  dddult®s  >es  r.esur®s  ->pt  iqu®s  son*.  \i'r*rr,r.tT.‘  - 
per: surer,  a  . x  Tractions  nolaires  determindes  par  prdlXyerer.t  e*  analyses,  de  :-'J  «r,  -.•■ye n 
r.e  pair  N'-x  et  de  Pit  en  raoyenne  pour  >iu,  la  precision  Ies  r.esures  -'tar.-  1’ environ  '.  t 
pt  .r  :••?.  d-ux  net.  nodes .  fes  r*sultats  sent  .;  era  1  »r.t  lor.'  indiqn®r  quo,  dans  res  conditions 
expu'r  in 'r.ta  1  “S  ,  le  JiT.  -  dose  pro  vena  i  t  d'ur.e  -oxydation  1«  St  tors  1u  pr ®  i  '/"otr.*  ,  qu®  i 

plus  ii  /  aurait  one  leg®re  reduction  de  N",  au  soars  de  c®  p.r^i^vener.t  *  3  noins  a*'  il  y 

ait  ..r.e  absorption  parasite  supplenentaire  due  3  .r.e  espsce  er.  tres  Taiti"  ~  r  e.ntra* i .  r. , 

:  -  Experiences  sur  ie  foyer  turulair®  - 

Deux  series  d' experiences  ont  dtd  effectuees  avec  le  foyer  tubulair®  : 

-  Ies  ur.es  sar.s  combustion  dans  la  veine  d'exp®rience  richesse  t,,  s  - '  ®st -3-d  i  r 
en  dcoulement  de  gaz  fcruids  dilues  par  1'air  inject®, 

-  les  autres  avec  une  zone  de  combustion  stabilise?  par  auto-inf ia-ir.at i on  da  -.®lang® 
forme  3  environ  20  cm  en  aval  du  melangeur  et  pour  une  richesse  t-  =  3  ,-'5. 

Dans  les  deux  cas  le  debit  total  dtait  de  300  g/s  et  la  temperature  1®  melange  inne- 
diatement  en  aval  du  melangeur  de  1150  K. 

Les  mesures  ont  dtd  effectuees  .3  25  cm  en  aval  du  melangeur,  c'est-a-dire  au  debut 

de  la  zone  de  combustion  lorsque  $2  =  0.u5.  Les  r€sultats  obtenus  par  prel^vener.t  avec  la 

sonde  type  b  (fig.  2b)  sont  resumes  sur  la  figure  1C.  Avec  la  sonde  type  a  les  resuitats 
obtenus  Itaient  presque  identiques.  Par  contre  avec  la  sonde  3  col  sonique  la  fraction 
molaire  de  NOp  obt.enue  4tait,  pour  =  0  et  pour  4>?  =  0,^5,  environ  la  moiti?  de  cello 
obtenue  avec  Ies  sondes  sans  col  sonique.  Ce  dernier  resultat  tend  S  prcuver  quo  le  Utp 
detect^  par  pr4l4vement  et  analyse  provient  d'une  oxydation  de  NO  en  proportion  variable 
suivant  le  type  de  sonde  utilise.  De  plus  il  apparait  que  cette  transformation  de  NO  er. 
N02  est  beaucoup  plus  importante  en  presence  de  combustion  (tj  =  0,1*5). 

Les  mesures  d'absorption  effectuees  dans  la  meme  section  de  la  veine  ont  4te  inter- 
pretees  : 

-  en  calculant  les  absorptions  parasites  dues  3  Oy  et  COj,  3  partir  des  profils  des 
concentrations  et  de  la  temperature  le  long  du  chemin  optique, 

-  en  estimant,  3  partir  du  profit  de  la  temperature  et  de  celui  de  la  concentration 
de  NO  obtenu  par  prSlevement  et  analyse,  une  "longueur  equivalente  d'absorption" 
pour  NO  (cf.  §  5-3)  qui  a  et4  trouvee  egale  3  12,1  cm  au  lieu  de  10  cm. 

En  absence  de  combustion  r  0)  on  a  obtenu  ainsi  une  valeur  de  Xyn  superieure  de 

25K  3  celle  de  Xmo„  mesurne  sur  l'axe  par  preldvement.  Ce  resultat  conduit  aux  memes  con¬ 
clusions  que  les  experiences  effectuees  avec  le  bruleur  type  MEKER,  c'est-a-dire  que,  non 
seulement  le  NOj  dose  proviendrait  d'une  oxydation  de  NO  lors  du  preldvement,  mais  qu'il 
y  aurait  de  plus  soit  reduction  de  NO,  soit  absorption  parasite  suppldmentaire  due  a  une 
autre  espece  que  Oj  et  CO^. 

En  presence  de  combustion  ($2  =  O.^S)  nous  avons  constate  une  augmentation  tres 
importante  du  taux  d'absorption,  qui  etait  environ  le  double  de  celui  mesure  sans  co-bus- 
ticn  ($2  =  0).  Cette  augmentation  ne  correspond  probablement  pas  a  une  augmentation  cor- 
respondante  de  XfjQ,  (puisque  les  mesures  par  preldvement  et  analyse  n'indiquent  pas 
d ' augmentat ion  de  Xno  ) ,  mais  plus  vraisemblablement  3  une  absorption  par  certains  hydro- 
ccrbures  rdsultant  dexla  fragmentation  du  propane  et  presents  en  concentrations  relati- 
vement  importante  au  ddbut  de  la  zone  de  combustion  / 1 5 / . 

6  -  MESURES  DANS  LE  JET  D'UN  TURBOREACTEUR  - 

Des  confrontations  ont  dgalement  dtd  effectuees  3  la  SNECMA  dans  le  jet  d'un  turbo- 
reacteur  "LARZAC"  au  banc  d'essai.  Les  mesures  ont  dtd  effectules  3  3  cm  en  aval  de  la 
section  de  sortie  de  la  tuydre.  Elies  ont  montrd  que,  lorsque  l'or.  faisait  varier  le 
rdgime  du  moteur  depuis  le  maximum  jusqu'au  ralenti  : 

-  les  mesures  par  prdldvement  et  analyses  indiquaient  une  fraction  molaire  de  NO 
ddcroissant  rapidement  de  77  ppm  3  *t  ppm, 

-  le  taux  d'absorption  mesurd  pour  la  bande  y(0,0)  ddcroissait  d'abord  de  8,7<  3 
5,3t  pour  ensuite  augmenter  rdgul idrement  jusqu'3  38*. 

! 'absorption  parasite  due  3  0-  et  3  C02  restart  infdrieure  3  H,  et  le  taux  d'absorp 
tion  mesurd  pour  le  rdgime  maximal ^correspondent  a  environ  130  ppm,  les  rdsultats  mettent 
clairement  en  dvidence  la  prdsence  d'une  absorption  parasite  suppldmentaire  augmentant 
quand  le  rdgime  du  moteur  ddcroit,  c’est-8-dire  en  fait  quand  les  concentrations  des  im- 
brQlds  .roissent  (celles  de  CO  et  de  CH  atteignent  entre  2000  et  3000  ppm  au  ralenti). 


:  '  '*xyi+- 
'■  :  ^  r  :>  'i 
i  ier. 


■  :  r*  ■  ;,r.  •.■tr.*:  J. r* ~  expressions  sna^y*  appros.v-es  :■  :  rp .  ■•  :  reliant  .  'i  rr:**„:or. 

.  x . ;  ■•  !*:•  T.  e\  le  oa  ix  ie  orar.sraissior.  -nerir^  poor  .  es  :.  •tr.'ies  <  A  -  v  '  \ ,  , 

-  ->*♦  -  •«.'♦.  »r.  4viXer.ce  ies  ar.scrpt  1  -.r.3  para3it*s  ie  1  •  -.xyg*r.e  et  J.  ga.c  larfccr.i- 
•  ,  ;  . I  pe  .vent  ®tre  r.4glig4es  d®s  700  E  pour  et  jss  yy,  f.  p o .  r  v ' "  ',  , 

■  -r.  pr-.p'.sar.t  egal  ener.t  des  expressions  a.nalyt  iques  appr-.cr.4e3  lea  taux  i'afcsorp- 
.  .'.  . -.  rre.ipor.dar.t3 . 

t^ft  i.a  i!  eso  apparu  que  dec  espies  autre  3  que  I’oxyg^ne  et  i  ’  anhydride  oarfconi- 
.  -emh .  at .  erier.t  ies  inbrules,  ir.terf4rent  avec  les  cesures  de  ^  -r.centrat  ion  de 
r.itri  que  par  ar.sorpticr.  et  sort,  au  mcir.s  pour  jne  part,  respcr.sablea  lea 

.estates  avec  ies  mesures  par  preI4vement  et  analyse.  Pi  est  dope  r.ecessaire  de 
t  ifier  et  de  >s  mesurer  avar.t  de  pouvoir  interpreter  correc tener.t  la  cor.fror.ta  - 
re  ies  deux  methodes  de  mesure. 


3  EMER  C 1 5MENTS  - 

Ces  travaux  or.t  4t4  effectues  dans  le  cadre  du  contrat  n-5  1J5.243  yv  conciu  avec  .a 

SNECMA,  que  ie3  auteurs  tienner.t  3  remercier.  Ils  remerc lent  4galement  M.  Daniel  FALAISE 

pour  l'efficacite  et  le  soin  qu'il  a  apportes  dar.s  sa  contribution  3  la  conduite  des 

experiences  . 
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Fig.  6  -  Variation  de  -  Ln  r  en  function  de  la  fraction  mclaire  de  N0X 
mesuree  par  pr£l?vement. 


Fig.  7  -  Variation  de  1 ’absorption  par  Oj 
et  COj  en  fonction  de  la  tempera¬ 
ture  pour  y(l»0). 


Fig.  9  -  Confrontation  entre  lea  fractions  nc  La  ires 
calculfes  3  partir  des  me  sure s  d ’absorption 
et  mesurSes  par  prSlfcvement  et  analyse. 


Fig.  S  -  Variation  de  1 ’absorption  par  Op 
et  COp  en  fonction  de  la  tempera¬ 
ture  pour  y(0,0). 


sons  corburotion  de  |»  N0X 
I'oir  secondairelfJsO)  |»  NO 


Fig.  10  -  Fractions  molaires  de  MO  et  N0X  mesur^es 
par  prflSvement  dans  le  foyer  tubulaire  4 
25  cm  en  aval  du  m£langeur. 
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DISCUSSION 


A.M.Mellor.  US 

Why  does  C02  give  a  positive  interference  in  your  chemiluminescence  analyser'1  It  usually  gives  a  negative  inter¬ 
ference  due  to  quenching  of  N02  . 

Reponse  d'auteur 

Nous  avons  en  effet  constate  que,  avec  I’analyseur  “Thermoelectron"  model  10A.  dont  nous  disposions.  la  reponse 
obtenue  avec  un  melange  NO  N2-C02  etait  superieure  a  celle  correspondant  a  I’etaloimage,  effectue  avec  un 
melange  NO-N2  contenant  la  meme  fraction  molaire  de  NO.  Nous  avons  que  des  auteurs,  ayant  utilise  un  module 
1 2A,  indiquent  un  effect  de  sens  oppose.  Cette  difference  dans  I'efficacite  relative  des  “figeages"  par  N2  et  par  C02 
est  peut-etre  due  a  des  differences  dans  les  conditions  de  functionnement  des  analyseurs  (dilution  de  I'echantillon 
analyse,  pression  dans  la  chambre  de  reaction,  . 


A.Eckbreth,  US 

I  would  like  to  make  a  comment  I  believe  relevant.  The  FAA-DOT  (Federal  Aviation  Administration  Department 
of  Transportation)  in  the  United  States  have  of  course  been  concerned  about  the  discrepancy  between  probe  and 
optical  measurements  of  NO.  In  a  three  year  study  conducted  at  the  United  Technologies  Research  Centre  under 
their  sponsorship,  Zabielski,  Saery  and  Colket  have  investigated  this  problem  in  some  detail.  The  study  roughly 
parallels  the  investigation  described,  that  is,  measurements  in  a  flat  flame  burner,  practical  devices,  a  swirl  burner  and 
the  exhaust  of  a  JT-1 2  can.  The  NO  absorption  measurements  were  made  using  an  NO  resonance  lamp.  Over  a  wide 
range  of  stoichiometries,  optical  and  probe  measurements  were  found  to  agree  always  within  25%.  Details  of  this 
work  will  soon  be  available  in  an  FAA-DOT  approved  final  report  and,  I  believe,  a  paper  at  the  XVIllth  Combustion 
Symposium. 

R6ponse  d’auteur 

II  est  probable  que  les  ecants  de  25%  entre  les  deux  nfethodes  de  mesure,  que  vous  mentionnez,  sont  dus  aussi  &  des 
absorptions  parasites.  Je  peux  vous  prdciser  qu’a  des  temperature  de  quelques  certaines  de  degfes  C,  les  absorptions 
par  C2H2,  CjH6,  C2H, ,  C4H,0  (et  dans  une  moindre  mesure,  C2H4  et  C2H6)  sont  tris  sensibles  pour  des  concentra¬ 
tions  de  I’ordre  de  1000  p.p.m.  Par  contre  nous  n’avons  constate  aucune  interference  avec  CO  ou  CH4. 
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RESUME 

Les  spectrom4tres  DRASC  mis  au  point  a  l'ONERA  sont  pr6sent4s  dans  cet  expose. 

L' instrument  de  DRASC  non  r^sonnante  permet  la  mise  en  oeuvre  de  la  technique 
BOXCARS  et  1 'elimination  du  fond  non  r^sonnant.  Sa  resolution  spectrale  est  de  0,7  cm*1  ; 
elle  peut  etre  r^duite  a  0,07  cm*1  par  simple  mise  en  place  d ' un  element  optique  sans  r£- 
alignement  du  montage.  Un  mode  de  fonctionnement  en  bande  large  est  aussi  pr^vu  pour  la 
spectroscopie  multiplex. 

Des  r^sultats  caracteristiques  obtenus  dans  un  foyer  de  simulation  de  turboma¬ 
chine  sont  pr4sent6s.  La  detectivity  est  comprise  generalement  entre  100  et  1000  ppm. 

La  DRASC  resonnante  permettra  des  gains  en  detectivity  compris  entre  100  et 
1000  comme  le  laissent  esperer  les  resultats  recemment  obtenus  sur  l2. 

1  -  INTRODUCTION 

La  Diffusion  Raman  Anti-3tokes  Coherente  (DRASC)  est  une  des  meilleures  techni¬ 
ques,  sinon  la  meilleure,  pour  les  diagnostics  ponctuels  et  non  intrusifs  dans  les  com¬ 
bustions.  II  y  a  plusieurs  annees  que  la  faisabilite  des  mesures  de  concentration  /l/  et 
de  temperature  /2/  a  ete  demontree  a  l'ONERA. 

Depuis,  des  progr4s  considerables  ont  ete  realises  dans  la  mise  en  oeuvre  de 
cette  technique  /3-6/,  aussi  ses  performances  ont  ete  fortement  ameiiorees  :  amelioration 
de  la  detectivity  /9-13/  et  de  la  resolution  spatiale  /8/,  augmentation  de  la  vitesse 
d ' acquisition  des  spectres  /!/.  Recemment  plusieurs  tentatives  pour  etudier  des  bruleurs 
d'interet  pratique  ont  ete  couronnees  de  succ4s  et  ont  fait  l'objet  de  publications  /14- 
16/. 

Dans  ce  contexte,  le  but  de  la  presente  communication  est  de  donner  un  compte- 
rendu  des  progres  realises  4  l'ONERA  sur  les  techniques  de  DRASC.  Le  travail  a  ete  pour- 
suivi  dans  plusieurs  directions  : 

1  -  amelioration  de  l'equipement  existant  afin  d'accroltre  la  fiabilite,  la 

resolution  spatiale  et  la  detectivity  des  spectrom4tres  DRASC  ; 

2  -  mise  au  point  de  methodes  de  calcul  pour  ameiiorer  la  reduction  des  donnees 

et  pour  tenir  compte  de  certains  effets  (tels  que  variation  de  la  largeur 
des  raies  en  fonction  de  la  temperature  et  des  nombres  quantiques  de  vibra¬ 
tion  et  de  rotation)  ; 

3  -  etude  theorique  de  la  DRASC  resonnante  afin  d'en  evaluer  les  possibilites 

d' application  4  la  detection  de  gaz  4  l'etat  de  trace  ; 

4  -  mesures  de  temperature  et  de  concentrations  dans  des  bruleurs  et  des  ecoule- 

ments  d'interet  pratique. 

2  -  BEEEfcfiBEBMEHl  BV.  .SPESXRPME.TRS  PRASC 

Le  principal  interet  de  la  DRASC  reside  dans  la  puissance  considerable  du  si¬ 
gnal  diffuse.  Avec  les  lasers  4  rubis  ou  4  Yag  disponibles  sur  le  marche.las  emissions  anti- 
Stokes  coh4rente  de  N2  et  de  02  de  l'air  sont  facilement  visibles  sur  un  ecran.  La  demons¬ 
tration  du  processus  de  diffusion  est  done  simple  et  claire.  Le  lecteur  est  cependant  mis 
en  garde  :  en  effet,  il  est  tr4s  deiicat  d'effectuer  des  mesures  precises  et  reproducti¬ 
ble  de  temperature  et  de  concentrations.  A  dire  vrai,  la  DRASC  avec  des  sources  laser 
puls4es  souffre  d'un  manque  de  reproductibilite  du  signal  .  Ceci  r4sulte  des  instabilites  en 
puissance  et  en  frequence  des  lasers  et  de  leur  instabilite  de  direction.  Si  l'on  ne 
prend  pas  de  precautions,  les  fluctuations  de  puissance  du  signal  sont  de  ±  30  *  ;  avec 
id  bloc  source  tr4s  bien  construit  et  avec  une  voie  de  reference,  on  peut  esperer  une  pre¬ 
cision  relative  sur  la  mesure  de  susceptibility  de  t  5  *. 
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La  presence  dans  le  spectre  d'un  fond  continu  du  k  un  terme  de  susceptibility 
non  resonnante  est  la  deuxlfeme  difficulty  majeure  rencontree  en  DRASC.  Les  rales  ?aman 
les  plus  faibles  sortent  peu  de  ce  fond  continu  et  il  est  impossible  de  mesurer  les  con¬ 
centrations  des  esp&ces  k  l'etat  de  trace. 

Avec  une  precision  des  mesures  de  t  5  X,  la  detectivity  est  de  l'ordre  de  0,1  x 
4  1  X  dans  les  flammes  en  utilisant  une  seule  impulsion  laser  par  position  spectrale. 

Deux  techniques  peuvent  etre  utilisees  pour  reduire  le  fond  non  resonnant  et  pour  amelio- 
rer  la  detectivity: (i)  elimination  du  fond  par  un  choix  Judicieux  des  polarisations  des 
lasers  /9  -  13/,  (ii)  augmentation  par  resonance  eiectronique  de  la  reponse  de  la  mole¬ 
cule  etudiee  /6,  18,  19/. 

DRASC  HON  RESONNANTE 


Pendant  plusieurs  annees,  l'ONERA  a  experimente  sur  des  flammes  un  spectrometre 
DRASC  construit  autour  d'un  laser  a  rubis  et  dont  la  description  se  trouve  en  reference  6 
Recemment,  l'Office  s'est  pourvu  d'un  systeme  a  YAG  double,  choisi  en  raison  de  sa  puis¬ 
sance  crete  et  de  son  taux  de  repetition  plus  eieve.  Ce  spectrometre  a  ete  mis  au  point 
conjointement  par  l'ONERA  et  QUANTEL  k  partir  de  l'experience  acquise  sur  le  spectrometre 
DRASC  4  rubis. 

BLOC  SOURCE 


Les  composants  optiques  des  sources  laser  et  les  optiques  permettant  d ' en  com¬ 
biner  les  faisceaux  sont  fixes  directement  sur  une  table  en  fonte  d' aluminium  de  50  cm 
par  150  cm  (figure  1).  L' oscillateur  &  Yag  est  declenche  passivement.  Equipe  du  systeme 
Polarex  et  d'un  amplif icateur ,  le  systeme  deiivre  plus  de  120  mJ  e  5320  t  a  la  sortie  du 
doubleur  de  frequence  pour  une  duree  d' impulsion  de  10  ns  et  une  cadence  de  repetition  de 
1  k  10  Hz  (faisceau  a  uii).  Le  faisceau  est  monomode  longitudinal  sur  95  x  des  tirs  et  la 
stability  en  frequence  est  alors  meilleure  que  ±0,01  cm-1.  Ces  caracteristiques  sont  ob- 
tenues  grace  k  1 ' utilisation  d'une  cavity  stable  pour  1 'oscillateur  Yag.  Un  deuxieme  dou¬ 
bleur  est  utilise  pour  convertir  le  residu  d' infrarouge  sortant  du  premier  doubleur. 
Ainsi,  40  mJ  suppiementaires  e  5320  X  sont  recuperes  pour  pomper  la  chaine  composee  d'un 
laser  a  colorant  et  d'un  etage  amplif icateur .  Elle  produit  le  faisceau  "Stokes"  a  w*.  Le 
laser  4  colorant  est  accorde  sur  toute  sa  plage  grace  au  systfeme  compose  d'un  reseau  fixe 
utilise  en  incidence  eievee  et  d'un  miroir  orientable  devant  le  reseau.  Cette  configura¬ 
tion  developpee  par  QUANTEL  pour  ses  lasers  k  colorant  a,  par  ailleurs,  ete  proposee  par 
Shashan  et  al .  et  par  Littman  et  al  /20/.  La  largeur  de  raie  est  de  0,7  cm*1  ;  elle  peut 

etre  reduite  a  0,07  cm"1  apr^s  insertion  d'un  expanseur  de  faisceau  a  pri-mes.  Cette  ope¬ 

ration  maintient  l'alignement  de  la  cavity  d'une  manifere  trfes  precise.  Erie  provoque  tou- 
tefois  un  leger  deplacement  du  centre  de  la  raie. 

Avec  40  mJ  d'energie  de  pompage,  la  chaine  k  colorant  deiivre  de  1  i  J  mJ  dans 

la  bande  utile  en  DRASC,  c'est-i-dire  560  nm-700  nm.  Cette  energie  est  d’autre  part  pra- 

tiquement  independante  de  la  largeur  de  raie  choisie. 

Le  mecanisme  d' accord  du  laser  k  colorant  est  commande  par  un  moteur  pas  e  pas. 
Celui-ci  peut  etre  embraye  sur  un  mouvement  grossier  qui  permet  le  balayage  de  toute  la 
plage  de  560  nm  &  700  nm  ou  sur  un  mouvement  fin  qui  permet  alors  1 ’ exploration  de  6  nm 
autour  d'une  position  quelconque  avec  une  finesse  d'analyse  de  0,007  cm-1.  Un  mode  de 
fonctionnement  en  large  bande  est  aussi  prevu  pour  le  laser  k  colorant,  donnant  une  lar¬ 
geur  de  raie  de  l'ordre  de  100  cm-1  .  L'accord  est  alors  realise  4  l’aide  d'un  filtre  in- 
terferentiel  ;  ce  mode  de  fonctionnement  est  utilise  pour  les  experiences  DRASC  multiplex 
/!/  avec  un  spectrographe  et  un  analyseur  optique  OMA. 

equi ?5!®!!!'E§_£3?5}!:5§_?:'E  .5595169?!  .95  _  detect  ion 

Un  espace  de  60  cm  x  30  cm  est  pr6vu  sur  la  table  pour  le  montage  des  optiques 
d'adaptation  et  de  superposition  des  faisceaux  laser  ainsi  que  pour  les  optiques  neces- 
saires  i  1 'elimination  du  fond  non  resonnant  /9  -  13/  et  i  la  technique  des  faisceaux 
croises  (Boxcars)  /8/.  Ainsi  nous  utilisons  : 

-  des  telescopes  pour  adapter  les  divergences  des  faisceaux  ; 

-  des  lames  &  faces  parallfeles  pour  les  translater  ainsi  que  pour  les  dedoubler 
dans  le  cas  du  montage  BOXCARS  ; 

-  un  miroir  dichrolque  pour  l'alignement  et  la  superposition  des  deux  faisceaux 
laser  ; 

-  des  lames  X/2  e.t  X/4  et  des  polariseurs  pour  1 'elimination  du  fond  non  reson¬ 
nant. 

Le  miroir  dichrolque  est  monte  sur  une  platine  de  rotation  tres  robuste  ayant 
une  sensibility  d'alignement  meilleure  que  10  yrad.  Une  petite  fraction  (*  5  X)  des  fais¬ 
ceaux  laser  est  par  la  suite  pr61evee  pour  la  vole  de  reference. Nous  examinerons  mainte- 
nant  le  systeme  de  detection  et  le  probieme  d 'elimination  du  fond  non  resonnant. 

Le  montage  de  detection,  y  compris  le  bras  de  reference,  est  instalie  sur  une 
autre  table  de  50  cm  x  150  cm  (figure  2).  Toutes  les  lentilles  de  focalisation  sont  des 
achromats  non  colies  traites  A.R.  entre  400  nm  et  700  nm. 

Les  slgnaux  anti-Stokes  sont  filtres  grace  &  des  doubles  monochromateurs  de 
dispersion  totals  nulls  precedes  de  filtres  dichrolques.  des  demiers  bloquent  l'essentiel  du 
rayonnement  des  lasers  de  fagon  k  eviter  les  problfemes  de  claquage  sur  les  diaphrapnas  des 


P  3 


monochromateurs .  La  detection  est  faite  a  l’aide  de  photomultiplicateurs  mtEgres  dans 
les  monochromateurs . 

Le  niveau  du  signal  anti-Stokes  dans  les  voies  signal  et  rEfErence  est  ajuste 
entre  103  et  10“  photoElectrons  par  coup,  ce  qui  correspond  k  une  incertitude  de  Poiss  >r. 
de  l'ordre  de  quelques  pour  cents.  Des  signaux  plus  intenses  peuvent  provoquer  une  satu¬ 
ration  des  photomultiplicateurs  tar.dis  que  des  signaux  plus  faibles  donnent  des  niveaux 
d  '  incertitude  irmaceptables . 

Les  voies  signal  et  reference  ont,  dans  la  mesure  du  possible,  une  geometrie 
identique,  surtout  lorsque  la  configuration  BOXCARS  est  utilisEe.  La  cuve  de  reference 
contient  50  bars  d'argon  ;  au  dela  de  cette  pression  des  problEmes  de  claquage  et  de  pha¬ 
se  matching  viennent  perturber  le  fonctionnement  de  la  voie  de  reference.  Le  signal  de 
reference  est  habituellement  plus  fort  que  necessaire  et  doit  etre  attenuE  ;  ainsi  il 
reste  suffisant  meme  lorsque  la  configuration  BOXCARS  et  1 ’ el imination  du  fond  non  reson- 
nant  sont  utilisees  simultanEment .  (voir  plus  loin). 

Dans  les  deux  voies,  le  niveau  du  signal  est  maintenu  au  niveau  prevu  de  10“ 
photoelectrons  en  ajustant  la  puissance  des  faisceaux  laser  a  l'aide  d 1 attEnuateurs  ce 
qui  Evite  la  saturation  Raman  au  centre  de  la  raie.  Les  impulsions  dElivrees  par  les 
photomultiplicateurs  sont  traitees  par  une  electronique  munie  de  portes  rapides  (duree 
d'ouverture  :  50  ns).  Elle  calcule  leurs  rapports,  la  racine  carrEe  de  ceux-ci,  puis  leur 
moyenne  pour  un  nombre  fixe  n  d' impulsions  laser  (  n  =  1  a  10  en  pratique).  Cette  elec¬ 
tronique  elimine  aussi  toute  mesure  pour  laquelle  le  signal  ou  la  reference  s'ecarte  de 
t  35  *  de  leur  valeur  moyenne  respective. 

Cette  Electronique  commande  aussi  1 ' avance  du  laser  k  colorant  lorsque  les  n 
coups  ont  EtE  obtenus  et  trace  le  spectre  en  temps  rEel . 

Pour  la  DRASC  multiplex  ,  nous  utilisons  un  spectroqraphe  et  un  analyseur  opti- 
que  multicanal  (0MA2  de  PAR  -  EGG).  L'ElEment  dispersif  dans  le  spectrographe  est  un 
rEseau  holographique  concave  de  2100  traits  au  mm,  corrigE  des  aberrations  et  de  750  mm 
de  rayon  de  courbure.  La  rEsolution  spectrale  de  1‘ensemble  spectrographe-dEtecteur  est 
de  1  cm-1  .  Les  spectres  de  signal  et  de  rEfErence  sont  enregistrEs  simultanEment  sur  le 
vidicon.  Leur  rapport  est  calculE  canal  par  canal  donnant  ainsi  naissance  k  un  nouveau 
spectre  dont  la  racine  carrEe  et,  si  nEcessaire,  une  moyenne  sont  calculEes  par  la  suite. 
L'enregistrement  du  spectre  de  rEfErence  est  d’une  nEcessitE  Vitale  car  le  spectre  du 
laser  a  colorant  n'est  pas  reproductible  et  montre  d ' apprEciables  modulations. 

La  technique  d’Elimination  du  fond  non  rEsonnant  par  1 ' utilisation  des  propriE- 
tEs  du  tenseur  de  susceptibilitE  non  linEaire  du  3Eme  ordre  a  EtE  discutEe  en  dEtail  pour 
les  faisceaux  colinEaires,  et  plusieurs  configurations  de  polarisation  ont  Ete  proposees 
/9  -  13/.  La  configuration  BOXCARS  offre  plus  de  souplesse  car  les  deux  faisceaux  "laser" 
a  mj  sont  maintenant  sEparEs  et  peuvent  done  avoir  dif fErentespolarisations  ej  et  ei  . 
Dans  la  zone  de  recouvrement  de  ces  deux  faisceaux  et  du  faisceau  Stokes,  nous  pouvons 
supposer,  pour  simplifier,  que  tous  les  vecteurs  k  sont  alignes  et  que  les  polarisations 
des  champs  Electriques  sont  dans  un  plan  perpendiculaire  aux  vecteurs  k,  suivant  l'aligne- 
ment  de  la  figure  3.  Nous  supposons  le  vecteur  polarisation  du  champ  Stokes  e2  alignE 
suivant  l'axe  X.Si  nous  supposons  aussi  que  le  tenseur  de  susceptibilitE  non  rEsonnante 
possEde  la  symEtrie  de  Kleinman,  nous  pouvons  Ecrire  le  vecteur  de  polarisation  anti-Sto¬ 
kes  de  la  maniEre  suivante  : 
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en  utilisant  les  notations  de  Rahn  et  coll.  /12/.  Pour  obtenir  une  rEJection  totale  de  la 
contribution  non  rEsonnante,  nous  interposons  un  analyseur  orthogonal  k  Pnp,  recueillant 
ainsi  de  la  lumiEre  polarisEe  suivant  ea  et  d'amplitude  •  Lorsque  "5  =  0,  nous  awns  : 

,,,  i  Bin  29  +  sin  2\(i 

(1)  e  .P  r - * - - - T-7 - 

Is  ♦  2(aoe  2( 9  -  ’ll)  +  bob  20  +  bob  2ty)Jr'1 

qui  conserve  la  symEtrie  en  8  et  4  . 

Cette  expression  est  reprEsentEe  figure  4  ;  elle  prEsente  un  maximum  Etendu 
qui  comprend  la  solution  de  Rahn  et  coll.  /12/  (0  =E  *  60°)  ainsi  que  celle  proposEe  par 
Levenson  et  al  /9/  (9  *  45°.  E  =  90°).  Nous  remarquons  que  toute  solution  en  8  et  4 
telle  que 

(2)  (90°  -  E>1  +  (90 °  +  0)J  -  1800 


expression  trouvEe  d'une  fagon  empirique  et  qui  corresoond  au  cercle  de  rayon  42,4°centrE 
k  0  »  90°,  E  »  90°,  donna  un  rEaultat  aupErieur  k  0,98  at  est  done  acceptable  (mis  k 
part  les  aingularitEs  en  4  *  -  8  *  60°  et  E  ■  -  9  •  120°).  Ceci  donne  une  souplesse  ins¬ 
trumentals  considErable.  La  solution  la  plus  ElEgante  est  probablement  obtenue  avec 
6  »  t  45°,  E  ”  90°  puisque  dans  cf  cas  £  est  alignE  avec  et  (figure  5).  On  peut  ainsi 
choislr  les  polarisations  et  et  E|  pour  les  faisceaux  laser  et  Stokes  superposEs  et  ei 


17-4 


I 

I 

I 


♦ 


* 


! 


i  _ 


pour  1' autre  faisceau.  Le  faisceau  anti-Stokes  utile  eat  £mis  le  long  de  ce  dernier  : 
puisque  l'analyseur  doit  etre  oriente  d 1 une  fagon  precise  4  angle  droit  de  et  ,  le  fais¬ 
ceau  iig  est  el inune  completement  .  Bien  que  cette  solution  paraisse  s4duisante.  nous 
avons  prefer  celle  oil  8  =  tf/  =  60°  qui  permet  un  alignement  plus  facile.  La  figure  6  don- 
ne  le  schema  de  cet  arranqement  montrant  la  lentille  de  focalisation  (4  gauche)  et  celle 
de  recoil imation  (a  droite) ,  les  zones  illumin4es  par  les  faisceaux  laser  sur  cea  lentil- 
les  et  les  polarisations  des  faisceaux  laser. 

Le  faisceau  a  ui2  est  polarise  horizontalement  tandis  que  les  deux  faisceaux 
paralleles  ayant  la  frequence  u>i  sont  polarises  lineairement  a  60°  du  vecteur  de  pola¬ 
risation  de  u2.  Cet  angle  est  obtenu  grace  a  une  lame  demi-onde  (figure  1).  Un  faible  de- 
gre  d ■ el 1 ipticite  est  4galement  obtenu  qrace  a  une  lame  quart  d'onde  afin  de  compenser  les 
birefringences  des  divers  comoosants  optiques  situes  entre  la  lame  demi-onde  et  le  volu¬ 
me  de  mesure  (notamment  le  separateur  de  faisceau  (BS) ,  les  fenetres  et  les  lentilles) . 

Le  faisceau  anti-Stokes,  emis  a  mg  =  2«i  -  w2  dans  la  direction  oil  aucun  faisceau  ou2  n'est 
present,  est  filtre  grace  a  un  polariseur  de  Gian.  Ainsi  qu’il  en  est  question  en  /12/, 
il  est  parfois  necessaire  de  modifier  ldgerement  les  angles  de  60°  afin  de  r4duire  le 
fond  non  resonnant  residuel,  cette  correction  etant  fonction  de  la  composition  du  milieu 
etudid.  Bien  entendu,  pour  des  raisons  ev’ dentes,  on  ne  dispose  pas  de  filtre  polarisant 
sur  le  faisceau  anti-Stokes  de  la  voie  rdfdrence. 

CARACTERISTIQUES  DU  SPECTROMETRE __ DRASC 

Les  performances  d’un  spectrometre  DRASC  sont  caracterisdes  par  la  resolution 
spatiale,  la  stabilite,  1 ' elimination  du  fond  non  resonnant  et  la  resolution  spectrale. 

-  La  resolution  spatiale  et  l'efficacite  de  la  creation  du  signal  anti-Stokes 
sont  optimales  quand  les  faisceaux  sont  limites  par  la  diffraction,  que  leurs  diamdtres 
sont  egaux  et  que  leurs  directions  sont  soigneusement  aligndes. 

Pour  des  faisceaux  limites  par  la  diffraction,  1 'alignement  est  alors  ddlicat 
et  difficile  a  maintenir.  La  figure  7  donne  la  puissance  anti-Stokes  du  signal  de  rdfd- 
rence  de  notre  montage  en  fonction  de  1 'angle  entre  les  faisceaux  laser  4  nig  et  u2  dans 
1 ' arrangement  colineaire  (une  courbe  similaire  est  obtenue  en  utilisant  la  voie  signal). 
Les  faisceaux  sont  focalisds  au  moyen  d'un  achromat  de  20  cm  de  focale.  La  courbe,  tres 
pointue,  montre  que  l'alignement  est  extremement  critique  si  on  utilise  des  faisceaux 
limites  par  la  diffraction. 

Cet  alignement  peut  etre  maintenu  sur  notre  montage  pendant  plusieurs  mois 
sans  reajustement.  Quant  au  laser  4  colorant,  sa  direction  change  de  moins  de  10  urd  en¬ 
tre  560  nm  et  700  nm  ;  aucune  correction  n'est  done  necessaire  car  cette  valeur  est  tr4s 
Jnferieure  4  1 'angle  de  diffraction  des  deux  faisceaux  laser  (150  urd  environ).  En  outre 
le  rapport  des  signaux  de  mesure  et  de  reference  reste  constant  4  ±  5  *  pour  un  defaut 
d'alignement  inferieur  4  100  urd,  ce  gui  garantit  la  reproductibilite  des  mesures.  Une 
evaluation  de  la  resolution  spatiale  longitudinale  peut  etre  obtenue  en  translatant  une 
lame  couvra-objet  de  microscope  le  long  de  la  region  focale,  et  en  enregistrant  la  racine 
carree  du  signal  non  resonnant  produit  dans  le  verre  en  fonction  de  la  position  de  la 
lame.  Les  resultats  sont  semblables  a  ceux  presentes  dans  la  figure  14  de  la  reference  6. 
Pour  un  achromat  convergent  de  40  cm  de  focale,  la  resolution  spatiale  transversale  est 
de  60  ym  i  avec  la  configuration  en  faisceaux  croises  dite  BOXCARS , nous  obtenons  une  reso¬ 
lution  longitudinale  inferieure  a  3  mm  pour  une  distance  de  8  mm  entre  les  faisceaux 
parali41es,  leurs  diam4tres  etant  de  6  mm.  Cette  resolution  varie  comme  f~J  en  fonction 
de  la  distance  focale  f  de  la  lentille. 

-  Un  excellent  test  des  performances  d’un  spectrometre  DRASC  est  son  aptitude 
4  detecter  le  C02  atmospherique .  La  figure  8  presente  ces  spectres  enregistres  avec  une 
resolution  spectrale  de  0,7  cm-1  avec  (a)  et  sans  (b)  suppression  du  fond  non  resonnant, 
la  technique  BOXCARS  donnant  une  resolution  spatiale  de  1  mm  dans  les  voies  signal  et 
reference.  L'ecart  type  des  fluctuations  est  de  ±  2  %  pour  une  moyenne  calcuiee  sur  10 
tirs  laser  par  position  3pectrale  ;  aussi  nous  pouvons  detecter  15  ppm  de  CO2  dans  l'air 
pour  un  rapport  S/B  unite.  Lorsque  les  polarisations  des  faisceaux  uget  ai2  sont  paralle¬ 
les,  la  faible  pente  negative  du  fond  non  resonnant  est  due  4  la  presence  de  l'aile  de 
la  branche  Q  de  02  sttuee  4  1556  cm-1. 

Lorsque  nous  orientons  les  polarisations  des  faisceaux  4  60°  l'une  de  1' autre 
suivant  le  schema  de  la  figure  6,  nous  esperons  un  accroissement  considerable  de  la  de~ 
tectivite  due  4  la  disparition  du  fond  non  resonnant.  Ce  fond  est  abaisse  en  dessous  du 
niveau  de  bruit  de  notre  eiectronique ,  sa  reduction  etant  superieure  4  un  facteur  30. 

Dans  le  meme  temps  cependant,  ia  raie  Raman  de  C02  ,  qui  est  fortement  polarisee,  volt 
son  intensite  reduite  d'un  facteur  4.  La  detectivite  est  par  consequent  augmentee  d’un 
ordre  de  grandeur.  Deux  faibles  rales  de  l’oxygfene  deviennent  egaiement  visibles  dans  le 
spectre . 


Quand  nous  utilisons  la  resolution  spectrale  de  0,07  cm-1  ,  l1 intensite  de  la 
raie  de  C02  est  trois  fois  plus  grande  car  son  contour  est  alors  pratiguement  resolu.  Ce 
resultat  montre  qu’une  tr4s  bonne  resolution  spectrale  est  essentielle  4  l’obtention 
d’une  bonne  detectivite  dans  les  flammes  si  nous  gardons  4  1 ’esprit  que  les  largeurs  des 
rales  Raman  y  diminuent  approximativement  comme  (273/T)l/J 

Le  resultat  d’une  experience  de  DRASC  multiplex  sur  cette  meme  rale  du  CO*  est 
pr4sente  sur  la  figure  9.  Une  moyenne  sur  10  spectres  fut  effectuee  afin  de  rendre  la 
comparaiaon  avec  la  figure  8  plus  facile.  Le  rapport  signal/bruit  et  le  niveau  du  fond 
apparalssent  degrades  bien  que  la  technique  BOXCARS  n’ait  pas  ete  utilise#  pour  ces  #n- 
registrements  (ce  qui  auralt  conduit  4  recueilllr  30  fois  moins  de  signal  anti-Stokes) . 


Cette  degradation  des  performances  s'explique  par  la  diminution  de  la  density 
spectrale  de  puissance  du  laser  a  colorant  dans  le  mode  en  bande  large,  par  une  resolu¬ 
tion  du  systeme  (OMA  +  spectrographe)  moins  bonne  et  par  la  presence  d ' un  peu  de  lumiere 
parasite. 

DRASC  BESONNANTE 

L'ONERA  etudie  activement  1 ' augmentation  resonnante  de  la  DRASC  :  les  mecanis- 
mes  physiques  ont  ete  decrits  en  detail  de  meme  que  le  contenu  des  spectres  et  la  forme 
des  raies  pour  les  gaz.  Ces  etudes  ont  ete  partiellement  confirmees  par  des  experiences 
/6  -  18  -  19/  tandis  que  les  problemes  d ‘ elargissement  Doppler  ont  ete  recemment  abordes. 
Ces  premieres  experiences  ont  montre  que  la  DRASC  resonnante  dans  les  gaz  est  d'une  uti¬ 
lisation  pratique  difficile.  Sa  mise  en  oeuvre  demande  un  soin  (xtreme.  En  effet,  aux 
difficultes  generales  rencontrees  avec  la  DRASC  hors  resonance,  s’ajoutent  des  problemes 
presque  insolubles  de  saturation  k  un  photon,  d ' elargissement  Stark,  de  stabilite  spec¬ 
trale  et  de  mesure  precise  des  longueurs  d'onde  emises.  Ainsi  les  lasers  declenches  de 
forte  puissance  ne  presentent  pas  en  general  la  stabilite  spectrale  necessaire  et  ris- 
quent  de  causer  une  trfes  forte  saturation,  tandis  que  les  lasers  continus,  qui  convien- 
nent  parfaitement  pour  la  spectroscopie  a  haute  resolution  et  ne  provoquent  pas  de  satu¬ 
ration,  risquent  de  conduire  a  un  echauffement  important  des  echantillons.  Nous  avons 
done  choisi  d'utiliser  des  lasers  k  colorant  pompes  par  flashes,  car  ils  offrent  un  com- 
promis  raisonnable  entre  ces  deux  extremes. 

Les  lasers  a  colorant  sont  presentes  sur  la  figure  10.  Les  deux  cuves  de  colo¬ 
rant  sont  montees  dans  une  seule  tete  "flash11  de  fagon  k  ce  que  les  impulsions  laser 
soient  synchrones.  Quatre  flashes  a  ablation  refroidis  par  eau  sont  utilises  pour  le  pom- 
page  avec  une  energie  de  decharge  de  300  4  400  J.  Les  cavites  laser  sont  montees  sur  un 
bloc  de  c^ramique  de  80  cm  de  long.  Deux  techniques  sont  utilis^es  pour  1 ' accord  des 
lasers.  Le  "laser"  de  frequence  <ui  est  accorde  au  moyen  d'un  filtre  interf erentiel  et  de 
deux  etalons  Fabry  perot  en  silice  de  0,1  et  1  mm  d'^paisseur  de  83  X  de  reflexion.  Le 
laser  "Stokes"  de  frequence  uj  est  accordd  grace  k  un  reseau  utilise  dans  le  deuxieme 
ordre  de  1200  traits/mm  monte  en  Littrow  avec  systfeme  expanseur  de  faisceau  a  prismes. 

Les  deux  oscillateurs  ddlivrent  des  faisceaux  de  2  mm  de  diam&tre  avec  une  divergence 
inf^rieure  4  1,5  fois  la  limite  de  diffraction.  La  puissance  Crete  est  comprise  entre  1 
et  10  kW  entre  500  nm  et  650  nm  pour  une  durde  d’impulsion  d'environ  1  us.  La  largeur  de 
raie  est  typiquement  de  0,01  cm-,&  oil  et  0,07  cm-1  4  u:.  Les  deux  lasers  sont  polarises 
horizontalement . 

Les  cavites  laser  sont  installees  sur  une  table  de  fonte  d’aluminium  de  50  cm 
x  150  cm.  Les  faisceaux  sont  combines  au  moyen  d’un  miroir  dichrolque  monte  dans  une  me- 
canique  ayant  une  stability  d'alignement  de  l'ordre  de  20  urad.  Ils  sont  ensuite  focali- 
s4s  dans  la  cuve  de  reference  (50  bars  d* argon)  puis  recollimates.  Le  signal  anti-Stokes 
cree  dans  cette  cuve  est  separe  des  faisceaux  excitateurs  au  moyen  d'une  lame  dichrolque 
puis  envoys  vers  un  monochromateur  pour  filtrage  et  detection.  Les  faisceaux  de  pompe 
transmis  par  la  lame  dichrolque  sont  filtr^s  k  1'aide  d'un  verre  Schott  OG  570  puis  loca¬ 
lises  dans  la  cuve  de  mesure  (focale  =  30  cm) .  Cette  focalisation  relativement  faible 
permet  de  r6duire  au  maximum  les  problemes  de  saturation  k  un  photon  ;  mais  elle  impose 
par  contre  d'utiliser  une  cuve  de  longueur  suffisante  afin  d'eviter  la  creation  de  signal 
anti-Stokes  dans  les  fenetres  ;  ceci  nous  contraint  ei  utiliser  une  pression  plus  basse 
dans  la  cuve  de  mesure  pour  r^duire  les  pertes  par  absorption.  Pour  les  resultats  decrits 
ci-dessous,  la  longueur  de  cuve  optimale  a  ete  de  6  k  8  cm  pour  une  pression  de  vapeur 
d'iode  de  0,5  k  2  mb.  La  cuve  a  ete  r^alis^e  avec  un  tube  £pais  en  silice  de  4  cm  de  dia- 
mfetre  dont  les  extr^mit^s  sont  couples  k  1' incidence  de  Brewster.  Nous  avons  fixe  deux 
fenetres  en  CAF2  sur  ces  extr&nit^s  polies. 

Les  spectres  sont  enregistr^s  en  accordant  »]  &  la  frequence  d^sirde  puis  en 
balayant  les  spectres  de  quelques  gaz  bien  connus  tels  que  C02  ,  02  et  H2  afin  d'etalon- 
ner  le  m£canisme  de  balayage  de  w2.  La  cuve  est  ensuite  remplie  du  gaz  &  etudier.  Le  ni¬ 
veau  du  signal  anti-Stokes  est  maintenu  k  quelques  centaines  de  photodlectron  de  fagon 
4  pr^venlr  les  risques  de  saturation  de  1 ' absorption.  A  cette  fin,  des  verres  neutres 
parallfeles  et  calibres  sont  places  devant  la  cuve  si  necessaire. 

Les  rfegles  permettant  1 ' interpretation  des  spectres  de  DRASC  resonnante  ont  ete 
presentees  recemment  /6  -  18  -  19/  et  nous  en  resumerons  simplement  les  resultats.  Ces 
rfegles  sont  deduites  de  l'expression  de  la  susceptibilite  /6/  : 


oil  N  est  le  nombre  de  molecule  par  cm1  de  la  molecule  etudiee.  Les  frequences  d'absorption 
des  etats|a>  et|i>  vers  l'etat]n>  sont  respectivement  u  et  u  .  . 

Hu  no 


Cette  expression  suppose  l'existence  d'une  seule  resonance  Raman  (c • est-a-d 1  re 
que  nous  ignorons  la  decomposition  en  sous-niveaux  rotationnels)  et  1 ' interaction  faible 
reduisant  la  necessite  des  corrections  d'ordre  plus  elev£  sur  les  populations  mit-iales 
ci°  •  .  La  figure  11  montre  trois  types  de  resonance  associes  au  niveau  for.- 

damental  T :>  .  Nous  les  appelons  "Resonances  Raman  Exaltees  par  Laser  'figure  11a). 
Resonances  Double-Electroniques  (figure  lib)  et  Resonances  Raman  Exaltees  par  l1 Anti-Sto¬ 
kes  (figure  1 lc) . 

Les  transitions  vibrationnel les  f ondamentales  ^t  leurs  harmoniques  sont  possi¬ 
bles.  II  existe  aussi  des  Jeux  de  transitions  analogues  qui  sont  associees  au  niveau 1  £ > 
si  ce  dernier  est  suf f isamment  peuple.  Leurs  proprietes  spectrales  se  deduisent  aisemer.t 
des  denominateurs  correspondants  qui  figurent  dans  l’equation  (3). 

Une  caracteristique  remarquable  des  transitions  "double-electroniques"  est  que 
leur  position  dans  le  spectre  depend  de  ui  puisque  m  -  contrairement 

aux  raies  Raman  des  types  11a  et  11c.  Cette  propriety  facilite  1 ’'identification  des  raies 
et  a  ete  utilisde  lors  de  travaux  precedents  /18  -  19/.  Le  spectre  de  la  figure  12  illus- 
tre  ces  proprietes  ;  ce  spectre  a  ete  enregistre  recemment  dans  I2  pur  pour  deux  valeurs 
de  mi  et  dans  la  meme  region  spectrale,  tout  come  ceux  de  /18  -  19/  avec  cependant  une 
meilleure  resolution  spectrale.  Les  deux  spectres  ont  ete  enregistres  a  24  heures  d'in- 
tervalle.  Le  laser  uu  a  <£te  accorde  chaque  fois  a  une  frequence  inferieure  de  0,4  cm-1  a 
celle  de  la  raie  Dide  Na  4  16  956,2  cm-1 de  fagon  4  etre  en  resonance  sur  la  raie  d 'absorp¬ 
tion  R67  (13-1)  (figure  13).  La  coincidence  avec  la  raie  de  Na  etait  verifiee  a  travers 
un  monochromateur  et  grace  a  des  etalons  Fabry  Perot  de  0,1  ,  1,  10  mm,  1 ' incertitude 
finale  etant  de  ±  0,05  cm-1  .  L 1  observation  des  spectres  de  la  figure  12  appelle  plusieurs 
commentaires  : 

1  -  il  n‘y  a  aucune  ambiguity  sur  l'identite  des  raies  Raman  Q(62),  Q ( 6 3 )  et  Q(67)  ; 

toutefois  l'echelle  hori2ontale  n'est  valable  qu'a  la  precision  de  1 1 etalonnage  (soit 
±  0,05  cm-1)  sur  l'accord  du  laser  de  frequence  u2  ; 

2  -  les  positions  theoriques  de  ces  raies  ne  sont  pas  connues  avec  une  precision  superieu- 

re  ci  0,1  cm" 1  r 

3  -  les  deux  spectres  different  par  la  position  des  raies  "double-dlectroniques"  ce  qui 

indique  une  diminution  de  0,1  cm-1  de  wi  entre  les  cas  (a)  et  (b)  ;  ceci  reste  dans 
les  limites  de  1 '  incertitude  sur  le  positionnement  de  ni)  .La  diminution  de  l1  inten¬ 
sity  des  deux  raies  associees  au  niveau  J  =  67  est  due  au  fait  que  u,  s'eloigne  de 
la  raie  d'absorption  R67  (13-1). 

INSTRUMENTATION  PRATIQUE 

De  nombreuses  etudes  de  flammes  par  DRASC  ont  ete  faites  ces  dernieres  annees 
/3  -  5  -  8  -  17/.  Toutefois  1 ' experimentation  sur  des  bruleurs  d'intdret  pratique  vient 
seulement  de  commencer.  Durant  novembre  et  decembre  1978,  nous  avons  effectue  les  pre¬ 
mieres  mesures  sur  foyer  de  simulation  de  turbomachine.  Ces  mesures  etaient  des  mesures 
moyennes  de  concentration  et  de  temperature.  Le  foyer  en  question  qui  a  dte  construit 
pour  des  recherches  de  base  en  combustion  /14/,  est  alimente  en  kerosene.  II  donne  un 
dcoulement  rectangulaire  de  10  x  50  cm  de  600  g/s  4  une  temperature  de  1100  K  (figure  14)  . 
Le  bloc  source  du  spectrom^tre  DRASC  etait  installe  pres  du  bruleur  tandis  que  les  op- 
tiques  de  reception  (miroirs  de  renvoi,  f litres,  lentilles  et  monochromateur s)  dtaient 
montds  sur  une  table  sdparde  disposee  sous  le  jet  (figure  15) .  Dans  le  voisinage  du  mon¬ 
tage,  le  niveau  de  bruit  etait  de  110  dB  tandis  que  la  temperature  ambiante  variait  de 
5°C  a  16°C.  Le  bloc  source  etait  protege  du  bruit  a  l'aide  d'un  caisson  en  contre  plaque 
de  2  cm  d'dpaisseur  et  une  couverture  eiectrique  maintenait  la  temperature  du  montage  au 
dessus  de  13°C.  II  ne  fut  pas  ndcessaire  de  protdger  le  reste  de  1 ' appareillage .  De 
nombreux  spectres  furent  enregistres. 

Le  spectre  de  N2  au  centre  du  jet  est  typique  de  ces  experiences  (figure  16)  : 
le  traitement  numdrique  des  resultats  conduit  &  une  concentration  de  78  t  5  *  et  une 
temperature  T  =  1150  t  50  K  conformement  aux  mesures  par  chromatographie  et  par  thermo¬ 
couple  (qui  donnent  respectivement  78  %  et  1050  K) .  Nous  remarquerons  que  le  fond  reson- 
nant,  qui  est  un  parametre  essentiel  pour  l'obtention  d’ur.  bon  accord  entre  les  spectres 
theoriques  et  experimentaux  et  done  pour  l’obtention  d'une  temperature  exacte,  est 
d'environ  20  %  plus  grand  que  la  valeur  ddduite  d’une  mesure  dans  l’air  ambiant  (en  uti- 
lisant  la  loi  en  273/T  pour  le  nombre  de  molecules  par  unite  de  volume  4  pression  cons- 
tante) .  Nous  avons  egalement  remarque  que  les  mesures  du  fond  non  resonnant  fluctuent  de 
i  10  *  lorsqu’elles  sont  enregistrdes  au  coup  par  coup  s  nous  pensons  que  ces  fluctua¬ 
tions  sont  dues  principalement  4  des  variations  de  la  susceptibility  (et  done  du  nombre 
de  molecules  par  unite  de  volume) ,  et  non  pas  4  celles  du  rendement  de  conversion  qui 
resulteraient  des  di3torsions  des  ondes  laser  par  les  gradients  d’ indice.  En  outre,  ces 
fluctuations  sont  comparables  4  celles  qui  peuvent  etre  deduites  de  mesures  par  anemome- 
trie  laser  4  la  meme  position  dans  le  Jet.  D’autres  gaz  furent  etudies  :  02  ,  C02  (figu¬ 
re  17  et  CF»  .  Ce  dernier  est  injecte  dans  le  foyer  pendant  un  court  instant,  puis  sa 
concentration  est  controlde  4  differents  moments  de  fagon  4  determiner  le  temps  de  sejour. 
Une  concentration  de  CT*  de  1  X  est  detectable  sens  elimination  du  fond  non  resonnant. 

Tous  ces  resultats  furent  obtenus  sans  elimination  du  fond  non  resonnant  et 
sans  la  configuration  BOXCARS.  L’ introduction  recente  de  ces  techniques  a  permis  une  ap¬ 
preciable  amelioration  de  notre  montage  t  1 ’ instrumentation  future  sur  des  foyers  expe¬ 
rimentaux  apparalt  extremement  prometteuse. 

Aucune  recherche  systematique  sur  la  DRASC  resonnante  dans  les  flammes  n’a  ete 
rapportee  4  ce  Jour.  Cependant,  une  ou  deux  esp&ces  presentant  de  1 ’ interet  en  combusticn 


ont  dej4  fait  1  'objet  d’etudes  fortuites  par  DRASC  resonnante.  II  s'agit  de  C2  /17  -  2^  - 
28/  et  de  N02  /29/.  Peu  de  choses  peuvent  etre  deduites  de  ces  spectres  car  : 

1  -  les  spectres  d ' absorption-emission  de  ces  especes  ne  sont  pas  encore  entie- 
rement  interpret^  ; 

2  -  les  frequences  laser  n'^taient  pas  connues  avec  suffisamment  de  precision  ; 

3  -  les  transitions  pouvaient  etre  fortement  saturees  (les  puissances  laser 
utilisees  etant  considerables)  ce  qui  peut  alterer  les  intensites  relatives  des  diverses 
raies . 


Un  exemple  d' interference  entre  C2  et  C02  est  presente  sur  la  figure  18.  Ce 
spectre  multiplex  a  4te  enregistre  dans  une  flamme  de  bougie,  4  proximity  de  la  meche, 
avec  elimination  du  fond  non  resonnant  par  la  technique  des  polarisations  croisees.  La 
region  spectrale  presentee  s'^tend  autour  de  la  raie  du  C02  4  1388  cm"1  .  L1 absence  de 
la  bande  de  combinaison  du  CO.  4  1409  cm"1  permet  d'af firmer  que  la  temperature  est  in- 
ferieure  ou  egale  4  600  K  ;  d'apres  1 'intensity  de  la  raie  4  1388  cm"1  ,  nous  estimons 
la  concentration  de  C02  4  1000  ppm  environ.  La  detectivity  n'est  pas  aussi  bonne  que 
celle  deduite  du  spectre  de  la  figure  8a  :  elle  se  situe  maintenant  4  200  ppm  environ,  a 
cause  de  1 ' interference  d'une  serie  de  raies  dues  4  C2  .  Finalement,  la  presence  de  C2 
et  CO 2  dans  une  zone  oil  l'on  s'attend  4  trouver  seulement  du  carburant  en  phase  vapeur 
indique  que  ces  especes  diffusent  depuis  la  zone  de  reaction  vers  la  meche  ;  C2  devrait 
done  y  etre  plus  proche  de  l'equilibre  de  Boltzman  que  dans  les  autres  regions  de  la  flam¬ 
me.  Les  diverses  raies  de  C2  qui  apparaissent  dans  le  spectre  de  la  figure  18  sont  pro- 
bablement  compos^es  chacune  d'un  ensemble  de  raies  car  leur  largeur  (  =  2  cm"1) est  sensi- 
blement  plus  large  que  celle  de  raies  uniques  elargies  par  effet  Doppler  ou  par  colli¬ 
sions.  Nous  etudions  actuellement  1 ' interpretation  de  ce  spectre  sous  la  forme  de  tran¬ 
sitions  de  DRASC  resonnante  du  type  de  celles  de  la  figure  11.  Seules  les  transitions  4 
un  photon  de  type  P  peuvent  donner  une  contribution  appreciable  dans  cette  partie  du 
spectre.  Cette  recherche  est  un  peu  simplifiee  si  nous  notons  que  le  nombre  quantique  de 
spin  est  conserve  dans  les  processus  de  DRASC  ;  20  contributions  majeures  proportionnelles 
4  o^a  et  du  type  Qg  (v  +  1— -v)  ,  (v  -  1 - u)  ,  Pjj  (u - v)  ont  dej4  ete  mises  en  evi¬ 

dences  (dans  les  notations  de  la  reference  /18/) .  Pour  toutes  ces  possibilites,  on  a 

2  <  v  <4,  83  <  2  <  95  et  SI  =  0,  1,  2  suivant  le  nombre  quantique  de  spin  de  la  transi¬ 
tion  en  resonance  /31/.  La  liste  complete  des  transitions,  y  compris  celles  proportion¬ 
nelles  4  p^'sera  publiee  ulterieurement  /32/. 

Finalement  la  concentration  de  C2  ne  peut  actuellement  etre  deduite  de  tels 
spectres.  Afin  de  mieux  comprendre  et  de  r^duire  les  probl4mes  lies  aux  interferences 
dues  4  C2  dans  les  flammes,  d' autres  recherches  devront  etre  faites. 

Notons  ici  que  les  spectrom4tres  DRASC  construits  autour  d'un  laser  4  rubis 
pr£sentent  l'avantage  de  fonctionner  dans  une  zone  spectrale  compl4tement  differente,  oil 
l'on  s'attend  4  n' observer  qu'une  influence  ryduite  du  C2 . 

3  -  CONCLUSION 

Un  spectromfetre  DRASC  sensible  et  d'une  grande  souplesse  d'emploi  a  ete  cons- 
truit  et  essay4.  Cct  instrument  offre  plusieurs  modes  d'op^ration  en  ce  qui  concerne  la 
resolution  spatiale,  la  suppression  du  fond  non  resonnant  et  la  spectroscopie  multiplex. 

II  allie  detectivite,  precision  de  mesure  et  simplicite  d 'operation  :  la  detectivite  est 
1000  ppm  ou  mieux  si  le  fond  non  resonnant  est  annuie,  la  resolution  spatiale  est  de 
l'ordre  du  ran  et  les  mesures  peuvent  etre  acquises  en  une  seule  impulsion  laser.  De  plus 
cet  appareil  est  fiable  :  le  transport  en  camion  vers  les  cellules  d'essais  du  foyer  de 
simulation  de  turbomachine  et  les  deux  mois  de  f onctionnement  sur  1 ’ installation  n'ont 
necessity  qUe  de  minimes  r^ajustements  du  montage.  La  DRASC  est  done  devenue  la  meilleure 
technique  optique  d'analyse  des  flammes.  Cependant  son  utilisation  est  actuellement  limi- 
tee  aux  especes  pour  lesquelles  les  donn^es  spectroscopiques  et  les  largeurs  de  raies 
sont  connues.  car  il  est  n^cessaire  de  calculer  sur  ordinateur  des  spectres  th^oriques 
de  bonne  quality  pour  obtenir  des  d4pouil lements  precis.  On  peut  esp^rer  que  le  nombre 
de  donn^es  spectroscopiques  n^cessaires  pour  les  diff^rentes  espices  importantes  en  com¬ 
bustion  s'accroltra  rapidement. 

La  DRASC  resonnante  n^cessitera  encore  de  nombreuses  ann4es  de  d^veloppement 
tant  du  point  de  vue  th^orique  qu' experimental.  Elle  reste  une  extension  tr4s  prometteuse 
de  la  technique  d'analyse  chimique  par  DRASC  conventionnelle .  Les  r^sultats  obtenus 
r^cemment  dans  Ij  montrent  que  des  gains  en  detectivity  compris  entre  100  et  1000  peuvent 
etre  esp^r^a . 
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Bloc  source 

:  A 

amplif icateur  Md  Yag 

BD 

lame  parallfele  pour  d^doublement  en  deux  faisceaux  parall4- 
les  pour  la  technique  BOXCARS  (la  disposition  BOXCARS  est 

celle  qui  est  montr^e,  une  translation  de  la  lame  permet- 
tant  de  passer  a  1 1  arrangement  colineaire  sans  perte  de 

1 1 alignement)  ; 

BS 

lame  separatrice  pour  la  voie  de  r6f£rence  : 

D 

et 

d2 

doubleurs  a  KDP  ; 

DC 

cuve  de  colorant  : 

DM 

miroir  dichrolque  ; 

E 

4talon  Fabry  P4rot  ; 

G 

r£seau  ; 

GT 

prisme  de  Glan-Tompson  ; 

P 

lame  parall&le  pour  translation  des  faisceaux  ; 

PE 

expan3eur  de  faisceau  4  prismes  ; 

SA 

absorbant  saturable  ; 

T 

telescope  ; 

1/4 

et 

1/2 

lames  quart  d*onde  et  demi-onde,  respectivement  ; 

(»i 

faisceau  "laser"  ; 

WJ 

faisceau  “StoXes" . 

-  Schema  des  voies  signal  et  r4f4rence  ; 

AS  :  diaphragme  translatable  pour  le  fonctionnement  en  faisceaux 
confondus  ou  BOXCARS  (disposition  BOXCARS  repr^sent^e)  ; 

AT  :  att^nuateurs  r^glables  ; 

DF  :  filtres  dichrolgues  ; 

M  s  monochromateur  et  d^tecteur  ; 

RC  :  cuve  de  r£f£rence. 


-  Vecteurs  polarisation  des  champs  llectriques  dans  la  sons  focale.  On  suppose 
une  propagation  en  ondes  planes  quasi -colin6aires. 


Figure  4  -  Perspective  et  lignes  de  niveau  pour  l'amplitude  de  polarisation  anti-Stokes 
en  fonction  de  0  et  ip  .  En  raison  des  sym^tries,  nous  n'avons  figure  la  pers 
pective  que  pour  0  <  ip  <  ir/2  et-it/2  <  9  <  it/2  avec  des  increments  de  2°  en 
9.  Lea  courbes  de  niveau  sont  donn^es  pour  -  180t><  9  <  0,  0  <  i|/  <  180°.  La 
puissance  anti-Stokes  est  proportionnelle  au  carr£  de  cette  amplitude. 


Figure  5  -  Une  des  configurations  possibles  pour  un  signal  maximum  en  BOXCARS. 


Figure  6  -  Arrangement  BOXCARS  avec  elimination  du  fond  non  rdsonnant  i  on  figure  les 

sections  droites  des  falsceaux  et  leur  polarisation  dans  les  plans  de  la  len 
tills  de  focal isation  (4  gauche)  et  de  reoollimation  (i  droite)  dans  la  vole 
de  1 'dchantillon  ;  la  direction  de  polarisation  du  faisceau  recueilli  i  w« 
est  choisie  grace  A  OT  (figure  2).  On  n’effectue  pas  de  filtrage  de  polari¬ 
sation  dans  le  canal  de  reference. 


Figure  7  -  Signal  DRASC  obtenu  en  fonction 

de  1' angle  entre  les  faisceaux  laser  et 
Stokes  (arrangement  colineaire) . 
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Figure  8  -  Spectres  du  <X>2  de  1 'air  obtenus  en  faia- 
oeaux  croisEs  (BOXCARS)  (a)  avec  Elimination  du 
fond  non  rEsatfflant  :  (b)  avec  polarisation  parallE- 
les.  P3  et  P3r  sont  les  puissances  anti-Stokes 
signal  et  rEfErence  respectivement .  Lea  Echelles 
verticales  sont  arbitral res. 
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Figure  9  -  Spectre  prls  dans  les  conditions 
de  la  figure  8a  avec  analyseur  optigue  multi¬ 
canal  et  faisceaux  colinEairea, 
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Figure  10  -  Scheme  du  speetromdtre  DRASC 
rdsonnant  ; 

□F  :  (litre  dtchrolque  : 

DM  :  miroir  dichrolque  ; 

P  :  (litre  colord  ; 

FP  :  dtalon  Fabry  Pdrot  : 

IF  :  (litre  inter(drentlel  : 

G  :  rdseau  t 

M  :  monochromateur  et  ddtecteur  ; 

PE  :  expanseur  de  (aisceau  4  prismes  : 
RC  :  cuve  de  rdfdrence  ; 

S  :  cuve  4  dchantillons . 


Figure  13  -  Spectre  d' absorption  de  I?  pur  h  tem¬ 
perature  anbiante  et  0.  3  mb  /22/. 
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Figure  1?  -  spectre  moyen  de  COa  relevy  au  meme  point  que  la  figure  16  :  la  moyenne  de  6 
mesures  est  prise  en  chague  point.  Aucun  calcul  numdrique  n'a  y  t4  effectue 
sur  ces  spectres  de  COi  ;  la  concentration  de  C0»  toeaur^e  par  pr6ltvement 
est  de  3,36  x.  Nous  en  d^duisons  que  notre  sensibility  de  detection  est  de 
1000  ppm  environ  pour  ces  conditions  exp4rimentales . 


Figure  1®  -  Spectre  multiplex  relevd  en  une  seule  impulsion  dans  une  flamme  de  bougie  au 
voisinage  de  la  rale  de  CO2  h  1388  cm'1.  Les  ychelles  sont  les  memes  que  pour 
la  figure  9.  Le  gain  de  l'^tage  amplificateur  du  vidicon  est  command^  par  un 
gdndrateur  d' impulsions  pour  yiiminer  le  fond  lumineux  de  la  flamme. 
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DISCUSSION 


D.A.Greenhalgh.  UK 

By  recording  your  spectra  on  a  logarithmic  scale,  do  you  not  cause  a  bias  when  fitting  due  to  poor  photon  statistics 
in  the  low  signal  channels'’ 

Author's  Reply 

We  use  a  logarithmic  scale  when  we  work  with  a  thin  dye  laser  spectrum.  In  this  case,  the  signal  is  strong  enough  to 
get  I0J  to  10'4  photoelectron  counts  in  each  location  of  the  spectrum  (by  playing  with  neutral  attenuators)  so  that 
the  accuracy  is  nearly  the  same  everywhere.  Your  comment  is  true  for  multiplex  C ARS  in  which  the  number  of 
photoelectron  counts  is  limited  due  to  the  dynamics  of  the  ISIT  detector  In  that  case  we  use  a  linear  scale 


A.Eckbreth.  US 

The  change  in  the  nonresonant  susceptibility  you  report  for  the  turbojet  combustor  is  probably  due  to  the  change  in 
composition  accompanying  combustion.  In  preliminary  experiments  at  our  laboratory  we  have  measured  the  non¬ 
resonant  susceptibility  of  water  vapour  and  have  found  it  to  be  comparable  to  that  of  methane,  that  is.  two  to  three 
times  that  of  nitrogen.  The  increase  in  susceptibility  you  report  is  probably  due  to  the  water  vapour  concentration 
in  the  exhaust.  Would  you  agree  with  that? 


Author’s  Reply 

Yes,  I  agree  with  you. 


18-1 


Investigations  of  Coherent  Anti-Stokes  Raman  Spectroscopy  (CARS) 
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SUMMARY 

Coherent  anti-Stokes  Raman  spectroscopy  (CARS) appears  very  promising  for  the  remote, 
spatially-and  temporally-precise  probing  of  instrumentally  hostile  combustion  environ¬ 
ments  due  to  its  large  signal  conversion  efficiency  and  coherent  signal  nature.  CAPS 
is  a  wave  mixing  process  wherein  incident  laser  beams  at  frequencies  and  w. ,  with  a 
frequency  difference  appropriate  to  the  molecular  species  being  probed,  interact  to 
generate  a  coherent  signal  at  frequency  w  •  2w^  -  By  analyzing  the  spectral  distri¬ 

bution  of  the  CARS  signal,  temperature  measurements  can  be  performed.  Species  concentra¬ 
tion  measurements  derive  from  the  intensity  of  the  CARS  radiation  or,  in  certain  cases, 
from  its  spectral  shape.  CARS  spectra  have  beer,  recorded  in  a  variety  of  flames  from 
N2,02,CO,  ^.H.O,  CC>2  and  CH^  and,  for  the  first  five  generally  show  very  good  agreement 
with  computer  Synthesized  spectra.  Quite  significantly .CAPS  has  been  successfully  demon¬ 
strated  with  both  liquid  and  gaseous  fuels  in  the  primary  zone  and  exhaust  of  practical 
combustors.  Although  thermometry  has  received  the  major  emphasis,  species  concentration 
measurements  have  been  performed  for  Hj ,  Oj,  and  CO. 

1.  INTRODUCTION 

Spatially-precise  laser  spectroscopy  offers  the  potential  for  the  remote,  non-per¬ 
turbing,  in-situ  measurement  of  temperature  and  species  concentrations  in  combustion 
processes.  Laser  techniques  are  capable  of  high  temporal  resolution,  although  compromises 
in  spatial  and/or  temporal  scale  may  be  necessary  in  certain  measurement  applications  or 
parameter  ranges.  Three  approaches,  which  are  inherently  spatially  and  temporally  precise, 
have  received  much  attention  in  the  last  several  years,  namely,  spontaneous  Raman  scat¬ 
tering,  coherent  anti-Stokes  Raman  spectroscopy  (CARS)  and  laser-induced  fluorescence 
(Ref.l).  For  the  most  part,  Raman  scattering  and  CARS  are  best  suited  to  thermometry  and 
major  species  concentration  measurements ,  while  laser-induced  fluorescence  is  applicable 
to  measurement  of  flame  radicals  at  trace  levels.  Raman  scattering  and  laser-induced 
fluorescence  are  incoherent  scattering  processes  wherein  the  generated  signal  is  dis¬ 
persed  into  essentially  4 rr  sr.  CARS  is  a  coherent  wave-mixing  process  in  which  the  signal 
emerges  as  a  laser-like  beam  in  a  precise  direction. 

Raman  scattering  has  been  widely  investigated  and  is  highly  developed  and  understood 
(Refs. 2,3).  However,  due  to  its  inherent  weakness,  it  is  generally  limited  to  applica¬ 
tion  in  relatively  "clean"  flames.  With  Increases  in  fuel  droplet /fragment  and  soot 
concentrations,  laser-induced  interferences,  e.g.  fluorescences  (Ref. 4),  Incandescences 
(Ref. 5),  can  exceed  and  mask  detection  of  the  Raman  signals,  often  by  orders  of  magnitude. 
With  greater  emphasis  being  directed  toward  less  clean,  alternate  fuels,  stronger  diag¬ 
nostic  techniques  are  required  which  can  operate  over  a  broad  range  of  fuel  specifica¬ 
tions,  stoichiometries  and  combustion  approaches.  Both  CARS  and  laser-induced  fluores¬ 
cence  appear  to  possess  this  capability  (Ref.  1),  but  only  CARS  has  been  demonstrated  to 
date  in  practical  combustion  environments  (Refs. 6-9).  The  two  techniques  are  complemen¬ 
tary  in  regard  to  their  capabilities  and  have  becn  under  development  in  our  (Ref. 10)  and 
other  laboratories  for  several  years.  In  this  paper,  the  focus  will  be  restricted  to 
CARS  due  to  space  limitations  and  its  potential  for  near-term  practical  utilization. 

The  next  section  of  the  paper  sumnarizes  the  theory  and  application  of  CARS  for  combustion 
diagnostics.  Succeeding  sections  survey  the  use  of  CARS  for  temperature  and  species  con¬ 
centration  measurements  in  a  variety  of  flame  and  combustion  systems. 

2.  COHERENT  ANTI-STOKES  RAMAN  SPECTROSCOPY  (CARS) 

Coherent  anti-Stokes  Raman  spectroscopy  (CARS)  is  capable  of  the  diagnostic  probing 
of  high  interference  environments  due  to  ita  high  signal  conversion  efficiency  and  coherent 
signal  behavior.  CARS  signal  levels  are  often  orders  of  magnitude  stronger  than  those 
produced  by  spontaneous  Raman  scattering.  Its  coherent  character  means  that  all  of  the 
generated  signal  can  be  collected,  and  over  such  a  small  solid  angle  that  collection  of 
interferences  is  greatly  minimized.  CARS  thus  offers  signal  to  interference  ratio  im¬ 
provements  of  many  orders  of  magnitude  over  spontaneous  Raman  scattering  and  appears 
capable  of  probing  practical  combustion  environments  over  a  broad  operational  range.  In 
experiments  at  our  laboratory  and  elsewhere,  CARS  has  been  successfully  demonstrated  in 


practical  combustion  situations.  With  such  "real  world"  demonstrations,  one  might 
anticipate  CARS  to  see  widespread  practical  utilization  in  the  coming  years 


The  theory  and  application  of  CARS  are  well  explained  in  several  reviews  which  have 
appeared  recently  (Refs.  1,11-14).  Briefly,  as  illustrated  in  Fig.  1,  incident  laser 
beams  at  frequencies  u,  and  (often  termed  the  pump  and  Stokes  beams  respectively-) 
interact  through  the  third  order  nonlinear  susceptibility  of  the  medium. 
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radiation  at  frequency  113”  2u^~v2-  It  is  for  this  reason  that  CARS  is  often  referred  to 


to  generate  a  polarization  field  which  produces  coherent 
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"When  the  freauenev  difference  (j,-.,)  is  close  to  the  frequency 
of  a  Raman  active  resonance,  the  magnitude  of  the  radiation  at  ...  then  at  the  anti- 

Stokes  frequency  relative  to  i.e.  at  can  become  very  large.  Large  enough, 

for  example,  that  with  the  experimental  arrangement  described  herein,  the  CARS  signals 
from  room  air  N2  cr  O2  are  readily  visible  By  third  order  is  meant  that  the  polariza¬ 
tion  exhibits  a  cubic  dependence  on  the  optical  electric  field  strength.  In  Isotropic 
media  such  as  gases,  the  third  order  susceptibility  is  actually  the  lowest  order  non¬ 
linearity  exhibited ,  i .  e  due  to  symmetry  considerations  ,  second  order  effects  are  non¬ 
existent.  The  third  order  nonlinear  susceptibility  tensoT  is  of  fouTth  rank.  The 
subscripts  denote  the  polarization  orientation  of  the  four  fields  in  the  order  lis’-ed 
parenthetically.  In  isotropic  media,  the  tensor  must  be  invariant  to  all  spatial 
symmetry  transformations  and  the  81  tensor  elements  reduce  to  just  three  independent 
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The  susceptibility  consists  of  resonant  components  from  transitions  in  the  species 
of  Interest  and,  unf ortunately ,  a  nonresonant,  electronic  contribution  from  all  of  the 
molecular  constituents  present.  For  very  low  concentrations,  the  "signal",  i.e.  the 
resonant  terms,  merges  into  essentially  a  baseline  level  derived  from  the  nonresonant 
background  susceptibility.  When  the  modulation  of  this  background  becomes  undetectable, 
the  trace  species  is  nominally  no  longer  measurable.  At  one  time,  this  was  perceived  to 
be  a  major  limitation  to  CARS  diagnostics.  However,  the  resonant  and  nonresonant  terms 
contribute  differently  to  the  susceptibility  components .  By  proper  orientation  of  the 
laser  field  and  CARS  detection  polarizations,  the  nonresonant  electronic  contributions 
can  be  cancelled  permitting  measurements  to  lower  concentrations  providing  the  signal 
level  is  adequate.  In  certain  concentration  ranges,  the  presence  of  the  nonresonant 
susceptibility  can  actually  be  used  to  advantage.  As  long  as  the  background  modulation 
is  detectable,  concentration  measurements  can  actually  be  made  from  the  shape  of  the 
CARS  spectrum,  a  unique  feature  of  CARS  spectroscopy.  Both  of  these  aspects  will  be 
subsequently  demonstrated  in  CO  and  02- 
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Fig.  2  CARS  phase-matching 
approaches:  (a)  general. 

(b)  collinear.  (c)  crossed- 
beam  or  BOXCARS. 


Fig.  1  CARS  -  Coherent  anti-Stokes  Raman  spectroscopy. 


Reprinted  with  permission 
(Ref.  16) 


Measurements  of  medium  properties  are  performed  from  the  shape  of  the  spectral 
signature  and/or  intensity  of  the  CAkS  radiation  The  CARS  spectrum  can  be  generated 
in  either  one  of  two  ways.  The  conventional  approach  is  to  employ  a  narrowband  Stokes 
source  which  is  scanned  to  generate  the  CARS  spectrum  piecewise  This  approach 
provides  high  spectral  resolution  and  strong  signals  and  eliminates  the  need  for  a 
spectrometer.  However,  for  nonstationary  and  turbulent  combustion  diagnostics,  it  is 
not  appropriate  due  to  the  nonlinear  behavior  of  CARS  on  temperature  and  density 
Generating  the  spectrum  piecewise  in  the  presence  of  large  density  and  temperature 
fluctuations  Leads  to  distorted  signatures  weighted  toward  the  high  density,  low  tempera¬ 
ture  excursions  from  which  true  medium  averages  cannot  be  obtained.  The  alternate 
approach  (Ref. 15)  used  here  is  to  employ  a  broadband  Stokes  source  as  depicted  in  Fie.  1. 
This  leads  to  weaker  signals  but  generates  the  entire  CARS  spectrum  with  each  pulse 
permitting,  in  principle,  instancaneous  measurements  of  medium  properties.  Repeating 
these  measurements  a  statistically  significant  number  of  times  will  permit  determination 
of  the  probability  density  function  (pdf)  from  which  true  medium  averages  and  the  magnitude 
of  turbulenc  fluctuations  can  be  ascertained. 

For  efficient  signal  generation,  the  incident  beams  must  be  so  aligned  that  the  three 
wave  mixing  process  is  properly  phased.  The  general  phase-matching  diagram  for  three 
wave  mixing  as  seen  in  Fig.  2  requires  that  2ic^*=^2+^3-  is  the  wave  vector  at  frequency 

^  with  absolute  magnitude  equal  to  n^/c,  where  c  is  the  speed  of  light,  and  n^ ,  the 
refractive  index  at  frequency  .  Since  gases  are  virtually  oispersionless ,  i.e.,  the 
refractive  index  is  nearly  invariant  with  frequency,  the  photon  energy  conservation 
condition  indicates  that  phase  matching  occurs  when  the  input  laser  beams  are 

aligned  parallel  or  collinear  to  each  ocher.  In  many  diagnostic  circumstances,  collinear 
phase  matching  leads  to  poor  and  ambiguous  spatial  resolution  because  the  CARS  radiation 
undergoes  an  integrative  growth  process.  This  difficulty  is  circumvented  by  employing 
crossed-beam  phase  matching,  such  as  BOXCARS  (Ref. 16),  or  a  variation  thereof  (Refs . 17-19) . 
In  these  approaches,  the  pump  beam  is  split  into  two  components  which,  together  with  the 
Stokes  beam,  are  crossed  at  a  point  to  generate  the  CARS  signal.  CARS  generation  occurs 
only  where  all  three  beams  intersect  and  very  high  spatial  precision  is  possible. 

CARS  spectra  are  more  complicated  than  spontaneous  Raman  spectra  which  are  an 
incoherent  addition  of  a  multiplicity  of  transitions.  CARS  spectra  can  exhibit 
constructive  and  destructive  interference  effects.  Constructive  interferences  occur 
from  contributions  made  from  neighboring  resonances,  the  strength  of  the  coupling  being 
dependent  on  the  energy  separation  of  the  adjacent  resonances  and  on  the  Raman  linewidth 
which  together  determine  the  degree  of  overlap.  Destructive  interferences  occur  when 
resonant  transitions  interfere  with  each  other  or  with  the  nonresonant  background  signal 
contributions  of  electrons  and  remote  resonances.  For  most  molecules  of  combustion 
interest,  these  effects  can  be  readily  handled  numerically  since  the  physics  describing 
CARS  generation  is  fairly  well  understood.  At  UTRC,  CARS  computer  codes  have  been 
developed  and  validated  experimentally  for  the  diatomic  molecules,  N£,  H,,CO  and  C>2 
(Ref.  20)  and  one  triatomic  H^O  (Ref.  21),  Computer  codes  are  extremely'useful  for 
studying  the  parametric  behavior  of  CARS  spectra  and,  when  validated,  for  actual  data 
reduction. 

Altoough  CARS  has  no  threshold  per  se  and  can  be  generated  with  cw  laser  sources, 
high  intensity  pulsed  laser  sources  are  required  for  most  gas  phase  and  flame  diagnostics 
to  generate  CARS  signals  well  in  excess  of  the  various  sources  of  interference  and  with 
good  photon  statistics,  particularly  with  broadband  generation  and  detection  (Ref.l). 

In  the  CARS  work  to  be  reported,  a  frequency-doubled  neodymium  laser  provides  the  pump 
beam  and  drives  the  broadband  Stokes  dye  laser  as  well  as  seen  in  Fig,  3.  The  laser 
actually  emits  two  beams  at  the  neodymium  second  harmonic  by  sequentially  doubling  the 
primary  and  residual  1.06u  'rcm  the  first  frequency  doubler.  The  primary  beam,  2u ,  is 
typically  about  2W,  i.e.  200  mJ  pulses,  10'°  sec  pulse  duration,  at  10Hz,  and  the 
secondary,  2w' ,  about  an  order  of  magnitude  lower.  Various  dyes  and  concentrations 
flowing  through  spectrophotometer  cells  are  employed  to  generate  Stokes  wavelengths 
appropriate  to  the  molecule  being  probed.  Crossed-beam  phase  matching  (BOXCARS)  is 
used  to  ensure  good  spatial  precision.  The  CARS  signatures  are  dispersed  in  a  0.6  or 
1-m  spectrograph  and  detected  with  an  optical  multichannel  analyzer  (OMA)  which  permits 
capture  of  the  entire  CARS  spectrum  in  a  single  pulse.  In  laminar  flames  and  situations 
where  fluctuation  magnitudes  are  small,  the  CARS  spectrum  can  be  averaged  on  the  OMA 
or  scanned  with  the  monochromator  using  a  boxcar  averager.  Greater  detail  about  the 
apparatus  and  procedures  employed  may  be  found  in  (Refs.  22,23). 

3 .  THERMOMETRY 

Temperature  measurements  derive  from  the  spectral  shape  of  the  CARS  signature. 

Because  of  this,  thermometry  is  more  easily  performed  than  concentration  measurements, 
which  generally,  but  not  always,  require  determination  of  absolute  signal  intensity 
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Fig.  3  Schematic  of  UTRC  BOXCARS  experimental  arrangement.  Code:  BS , 
beamsplitter;  L,  lens;  D,  dichroic;  OF,  optical  flat;  P,  prism;  F,  filter, 
DC,  dye  cell;  T,  trap;  TM,  partially  transmitting  mirror;  M,  mirror. 


Reprinted  with  permission  (Ref.  25) 


levels.  Temperature  Information  can  be  extracted  from  any  of  a  number  of  molecular 
constituents.  In  this  section  CARS  thermometry  from  several  molecules  in  a  number  of 
different  measurement  situations  will  be  illustrated. 

Nitrogen  Nitrogen  is  the  dominant  constituent  in  airfed  combustion  processes  and 
is  present  in  large  concentrations  despite  the  extent  of  chemical  reaction.  Performing 
temperature  measurements  from  N2  provides  information  on  the  location  of  the  combustion 
heat  release  and,  to  some  degree,  the  extent  of  chemical  reaction.  In  Fig.  4  is  dis¬ 
played  the  calculated  temperature  dependence  of  the  Nj  CARS  spectrum  computed  for 
parameters  corresponding  to  the  experimental  approacliemployed  here,  i.e.iwj  “0.8  cm’1, 
■in>2  “  *30  cm'1,  1.00  cm'1  spectral  resolution.  In  the  calculations,  a  constant  Raman 
linewldth  of  0.1  cm'1  was  employed.  A  description  of  the  computer  code  employed  is 
summarized  in  Ref.  20.  At  low  temperatures,  one  sees  the  v“0-*l  band  containing  low  J 
value  Q  branch  transitions,  i.e.  4J-0,  where  J  is  the  rotational  quantum  number.  As  is 
apparent  the  low  J  Q  branches  are  unresolved.  As  the  temperature  increases,  the  band 
broadens  as  the  rotational  population  distribution  spreads  out  due  to  the  vibration- 
rotation  interaction,  J(J+1)  .  At  very  high  temperatures,  the  spreading  of  the  band 
is  sufficiently  large  to  permit  the  resolution  of  the  individual  even  J  Q  branches, 
ranging  from  Q(20)  to  Q(40) .  The  odd  Q  branches,  which  have  a  nuclear  spin  weighting 
equal  to  half  of  the  even  numbered  branches,  are  reduced  in  intensity  by  about  a  factor 
of  four  and  do  not  stand  out.  At  intermediate  temperatures,  fewer  Q  branch  transitions 
are  resolvable.  For  Q  branches  beyond  Q(40)  ,  overlap  with  the  v-l->2  band  transitions 
occurs  giving  rise  to  two  prominent  peaks  in  the  "hot"  band.  At  lower  spectral  resolu¬ 
tion,  e.g.  v  3  cm'1,  the  fine  structure  shown  in  Fig.  4  is  lost,  but  the  spectra  still 
exhibit  fine  temperature  sensitivity.  Ref. 22  contains  calculated  Nj  CARS  spectra  at 
2.7  cm'1  spectral  resolution  in  100  K  increments  from  1500  to  2600°K. 

The  accuracy  of  CARS  N,  thermometry  has  been  examined  in  premixed  flat  flames  by 
comparison  with  radiation-corrected,  coated,  fine  wire  thermocouples  (Ref. 20, 22).  The 
radiation  corrections  were  experimentally  calibrated  at  different  flame  temperatures 
by  sodium  line  reversal.  In  Fig.  5,  the  CARS  spectrum  scanned  at  a  resolution  of  1  cm'1 
in  a  2110°K  flame  is  displayed.  The  dotted  curve  shown  in  the  computer  synthesized 
spectrum  at  2150°K  which  yielded  the  best  agreement  with  the  experimental  scan.  As  seen, 
fairly  good  agreement  with  the  experimental  trace  was  obtained.  Similar  agreement,  i.e. 
v  40  K,  was  also  obtained  at  lower  flame  temperatures. 

In  Refs.  22-24,  the  capability  of  CARS  for  use  in  highly  sooting  flames  was  demon¬ 
strated.  Although  incoherent  and  coherent  interferences  from  C2  were  encountered  in  the 
N2  CARS  bands  from  a  5320  £  pump  laser  (Ref.  23) ,  they  were  for  the  most  part  suppressible 
by  appropriate  Stokes  laser  bandwidth  selection  and  use  of  a  polarization  filter.  The  C2 
is  produced  by  the  laser  vaporization  of  soot  which  occurs  even  for  0  (10'8  sec)  duration 
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Fig.  5  BOXCARS  spectrum  of  over  2.5-cn  dia. 
hexagonal  flat  flame  burner  operating  on  CH./air 
at  2110°K  and  nominal  1  cm  ' 1  spectral  resolution 
Dotted  curve  is  the  best  computer  fit  at  2150°K, 
0.8  cm'1  slit,  and  0.1  cm'1  Raman  linewidths. 

Reprinted  with  permission  (Ref  20) 
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laser  pulses.  In  Fig.  6  both  a  single  pulse  (10  sec)  and  an  averaged  C«RS  spectrum 
from  a  highly  sooting,  laminar  propane  diffusion  flame  are  displayed  for  a  spatial 
resolution  of  0.3  x  1  mm.  The  spectra  are  interference  free  and  of  high  cualitv  The 
single  pulse  CARS  spectrum  is  possible  at  laser  energies  an  order  of  magnitude  lower  t  .an 
those  typically  employed  for  single  pulse  spontaneous  Raman  scattering  Furthermore,  in 
this  sooting  flame  situation,  laser  modulated  particulate  incandescence  (Ref. 5)  would 
exceed  the  Raman  signal  by  several  orders  of  magnitude  precluding  successful  measurements 
In  a  turbulent  flame,  such  single  pulse  temperature  measurements,  for  a  statistically 
significant  sample,  would  lead  to  determination  of  the  temperature  probability  distri¬ 
bution  function  (pdf)  from  which  fluctuation  magnitudes  and  true  time  averaged  tempera¬ 
tures  could  be  obtained.  Data  such  as  those  displayed  in  Fig.  6  have  been  employed  to 
perform  detailed  axial  and  radial  temperature  surveys  in  laminar  propane  diffusion  flames 
(Ref. 25).  Figure  7  displays  Che  axial  variation  of  temperature  in  the  sooting  flame  with 
height  above  the  burner . 

Recently,  as  mentioned  earlier,  the  feasibility  of  CARS  for  measurements  in  practical 
combustion  systems  has  been  demonstrated.  In  tests  at  our  laboratory  (Ref.  9),  BOXCARS 
thermometry  was  performed  in  two  different,  liquid-fueled  combustors  housed  in  a  50-cm 
dia.  combustion  tunnel.  Delicate  instrumentation  was  housed  in  a  control  room  adjacent  to 
the  burner  test  cell  and  the  CARS  signals  were  piped  out  employing  20m  long,  60u  dia. 
fiber  optic  guides  (Ref. 26).  In  Fig.  8  are  shown  CARS  signatures  of  N2  averaged  for  10  sec. 
at  two  different  axial  locations  in  the  primary  zone  of  a  Jet  A  fueled  swirl  burner.  At 
the  upstream,  x^cm,  location,  CARS  measurements  were  made  through  the  fuel  spray  and  the 

temperature  was  found  to  be  about  900°K  for  an  overall  equivalence  ratio  of  0.8.  At  the 

downstream  location,  where  the  flame  was  visually  very  luminous,  the  temperature  increased 
to  1500°K.  In  Fig.  9  is  shown  a  comparison  of  a  single  pulse  (10*  sec)  and  averaged  CARS 

spectrum  (10  sec)  in  the  Jet  A  fueled  swirl  burner  fitted  with  a  refractory  back  wall  to 

simulate  a  furnace  more  closely.  The  single  pulse,  although  of  slightly  lower  quality,  is 
fairly  good  and  would  permit  creditable  measurements.  Measurements  were  also  successfully 
performed  in  the  exhaust  of  a  JT-12  combustor  burning  Jet  A.  In  Fig.  10,  CARS  signatures 
display  the  operational  temperature  variation  in  the  exhaust  13  cm  from  the  can  exit  plane. 
These  spectra  were  actually  attenuated  by  an  order  of  magnitude  to  maintain  detector 
linearity.  Single  pulse  spectra  were  virtually  undiscemable  from  the  averaged  data  shown 
in  Fig.  10  (Refs. 9, 10).  CARS  measurements  further  downstream  in  the  exhaust  were  in  very 
good  agreement,  i.e.  10-50°K,  with  temperatures  determined  by  aspirating  thermocouple 
probes . 

Hydrogen  H,,  when  abundant  enough,  is  ideal  for  combustion  thermometry  because  of  the 
simplicity  of  its  spectrum  as  seen  in  the  computer  calculations  of  Fig.  11  (Ref.  27).  The 
line  spectra,  labelled  Q(J)  are  components  of  the  vibrational  Q  branch,  v»0*l,  „J»0.  The 
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Fig.  4  Computed  temperature 
variation  of  CARS  spectra 
in  300K  steps  troml300°K  to 
2100°K  for  1.0  cm"1 slit 
width  and  0.8  cm"1  pump 
linewidth.  ( 

Reprinted  with  permission  (Ref.  25) 
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Fig.  6  Comparison  of 
single-pulse  (10'8sec) 
and  averaged  CARS 
spectra  of  flame  N, 
recorded  on  an  optical 
multichannel  analyzer. 
Reprinted  with  permission  (Ref. 
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Fig.  7  Axial  variation  of  CARS  temperature  in  a  laminar 
propane  diffusion  flame.  Reprinted  with  permission  (Ref.  25) 


Fig.  8  Spatial  variation  of  temperature 
from  averaged  CARS  spectra  of  N,  in 
swirl  burner  with  Jet  A  fuel  and  an 
air  flow  of  0.15  lb/sec.  The  over¬ 
all  equivalence  ratio  was  0.8.  CARS 
from  Xm2  +xU22. 

Reprinted  with  permission  (Ref.  9) 


Fig.  9  Comparison  of  averaged  and 
single  (10*8  sec)  pulse  N2  CARS 
spectra  in  swirl  burner  with 
refractory  back  wall  fueled  with 
Jet  A  at  an  overall  equivalence 
ratio  of  0.8.  Measurement  made 
on  centerline  39  cm  downstream 
of  burner  exit.  Air  flow, 

0.15  lb/sec.  CARS  from 

Reprinted  with  permission  (Ref.  9) 
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Fig,  10  Operational  temperature  variation  in  JT-12  exhaust.  Measurement 
made  13.2  cm  downstream  of  can  exit  plene.  Jet  A  fuel.  Air  flow,  ~1  lb/sec. 


adjacent  rotational  components  are  well  separated  due  to  the  strong  vibration-rotation 
interaction  In  H2  making  the  spectrum  particularly  simple  to  calculate  The  intensity 
alteration  between  even  and  odd  J  lines  stems  from  the  nuclear  spin  degeneracv  ir.  H,  in 
which  the  odd  lines  have  three  times  the  weighting  of  the  even  numbered  transitions!  Ir. 

Fig-  12,  experimental  H,  BOXCARS  signatures  are  displayed  at  various  locations  through  a 
flat  Ho-air  diffusion  flame  (Ref  2 8 j  Approximate  temperatures  are  indicated  which  were 
deduced  frxa  the  ratios  of  the  CARS  intensities  among  the  Q(1J,  Q(3)  and  Q(5 j  transitions 
Agreement  among  the  temperatures  deduced  from  the  three  intensity  ratios  was  good,  i  e 
the  standard  deviation  varied  from  2  to  8  percent  over  the  range  of  900°K  to  2i00°K  In 
this  regard,  better  accuracy  would  probably  result  from  using  ratios  of  integrated  line 
strengths  instead  of  just  the  peak  intensities.  The  results  of  temperature  profiling  the 
flat  diffusion  flame  are  shown  in  "ig  13  where  temperatures  deduced  from  and  O2  CARS 
spectra  are  compared  to  measurements  with  a  radiation  corrected  thermocouple.  The  CARS 
spectrum  of  ,  omitting  spectrosct Die  details,  is  qualitatively  quite  similar  to  that  of 
N2 .  The  temperatures  agree  quite  well  in  cooler  regions  of  the  flame.  Larger  discrepancies 
occur  at  the  higher  temperatures  where  the  concentrations  are  low  and  signal  to  noise  ratio 
is  poorer  By  spectrally  integrating  the  H2  spectra  and  comparing  the  integrated  intensity 
to  that  generated  simulataneously  from  a  high  pressure  gas  cell  in  a  parallel  reference  leg, 
density  measurements  have  been  made  in  the  flat  diffusion  flame.  These  compare  fairly  well, 
i.e.  v  50%,  with  H2  concentrations  measured  by  spontaneous  Raman  scattering. 


Water  Vapor  Water  vapor  is  the  major  product  of  air fed  hydrogen  combustion  and  often 
the  dominant  product  species  of  hydrocarbon- fueled  combustion.  Its  measurement  is  an 
important  gauge  of  the  extent  of  chemical  reaction  and  of  overall  combustion  efficiency 
Figure  14a  displays  the  scanned  CARS  spectrum  at  1cm-1  resolution  of  H?0  vapor  in  the  post¬ 
flame  region  of  an  atmospheric  pressure,  premixed  CH^/air  flame  at  1675°k  (Ref. 21).  Of 
particular  note  is  the  breadth  of  the  spectrum  at  flame  temperatures.  In  Fig.  14b  is  shown 
the  CARS  computer  code  prediction  for  the  experimental  conditions  While  only  the  j. 
symmetrical  mode  of  1^0  is  Raman  active,  the  involved  rotational  energy  level  structure  of 
this  asymmetric  rotor  gives  rise  to  a  complex  CARS  signature.  Each  rotational  quantum  state 
J  possesses  2J  +  1  sublevels  corresponding  to  values  of  the  pseudo  quantum  number  t  in  the 
range  -J<r<J.  If  all  possible  transitions  obeying  the  Raman  selection  rules  are  considered, 
approximately  (5/4)  (J+l)2  transitions  would  have  to  be  taken  into  account  for  each  value  of 
J  possessing  significant  population.  Fortunately,  only  isotropic  Q-branch  transitions  turn 
out  to  be  important  due  to  the  very  small  depolarization  (<0.06)  of  the  \>j_  mode.  Isotropic 
Q-branch  scattering  obeys  the  simplified  selection  rules  AJ«0,  At”0.  The  peaks  in  the  HjO 
spectrum  arise  from  spectral  overlaps  of  the  t  states  belonging  to  neighboring  J  states. 

In  particular,  the  dominant  peak  at  22433  caT^-  results  from  the  near  coincidence  of  the  J 
transitions  9_g,  10_ig  and  10_o  of  the  fundamental  ^000-100)  with  a  small  contribution  from 
the  4..j  of  the  010-110  band.  The  agreement  between  the  experimental  and  theoretical  spectra 
is  fairly  good,  although  the  theory  does  not  account  for  the  strength  of  the  strongest  peak. 
This  and  a  few  other  quantitative  discrepancies  concerning  peak  heights  may  be  due  to 
Insufficient  knowlege  of  the  Raman  linewidths.  It  is  also  interesting  to  note  that  because 


of  the  relatively  large  spontaneous  Raman  cross  section  for  H2O ,  there  is  little  inter¬ 
ference  from  the  background  nonresonant  susceptibility  at  the  10  percent  H2O  concentration 
level.  For  a  background  susceptibility  approximately  equal  to  that  of  N2,  the  H2O  CARS 
spectrum  should  be  relatively  interference- free  down  to  the  few  percent  level. 


In  Fig.  15  the  computed  temperature  sensitivity  of  the  HjO  CARS  spectrum  is  displayed. 
As  seen  the  predicted  spectra  exhibit  a  pronounced  sensitivity  to  temperature  as  the 
rotational  population  distributions  shifts  and  broadens.  The  possibility  of  performing 
temperature  measurements  from  the  CARS  spectrum  of  water  vapor  thus  appears  very  promising. 
Due  to  the  many  rotational  transitions  involved  at  flame  temperatures,  thermometry  would 
most  likely  be  quite  accurate. 


Carbon  Dlxolde  The  other  major  product  of  hydrocarbon  combustion  besides  water  vapor 
is  of  course  carbon  dioxide.  In  Fig.  16  is  shown  the  CARS  spectrum  of  COo  in  the  postflame 
zone  of  a  CO/O2  flame  at  1360°K.  The  spectrum  was  recorded  In  the  1200-1460  cm'*-  Fermi 
resonance  region  and  bands  arising  from  vibrational  transitions  between  energy  levels  v  , 
v2’  v3>  r  are  labelled.  In  this  notation  v^,  V2,  and  V3  are  the  quantum  nunbers 

respectively  of  the  symmetric,  bending  and  asynnetric  stretching  modes;  1  is  the  angular 
mcxnentum  quantum  number  associated  with  the  bending  mode;  r  is  a  number  that  identifies 
the  level  within  the  group  of  v^  +  1  levels  which  are  in  Fermi  resonance.  Also  shown  as 
the  inset  is  the  region  of  larger  frequency  shift  in  a  flame  at  1274°K.  Unlike  the  other 
spectra  presented  earlier,  there  is  little  rotational  smearing  of  the  vibrational  transi¬ 
tions,  even  at  flame  temperatures,  due  to  the  extremely  small  vibration-rotational  inter¬ 
action  in  CO2.  Some  of  the  levels  labelled  have  been  previously  identified  in  spontaneous 
Raman  studies  (Ref. 29),  however,  other  transitions  corresponding  to  these  frequency  shifts 
also  should  be  Raman  active.  These  transitions  are  indicated  by  interogatories .  In  all 
cases,  the  contributions  of  these  levels,  although  smaller  than  the  major  transitions,  could 
be  significant  particularly  at  flame  temperatures.  At  present,  we  have  not  yet  modelled  the 
CARS  spectrum  of  CO2,  although  it  too  should  be  attractive  for  thermometry. 
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Fig.  11  Computed  CARS  spectra  of  hydrogen 
at  17.  concentration.  Q  branch  transitions 
identified.  1  cm'l  slitwidth. 
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Fig.  14  (a)  Experimental  CARS 

spectruii  of  H2O  in  a  premixed, 
methane-air  flame  at  atmo¬ 
spheric  pressure.  Tempera¬ 
ture  determined  by  a  radia¬ 
tion-corrected  10%  Pt-Pt- 
Rh  thermocouple  was  1675K. 

(b)  Computed  CARS  spectrum 
of  at  1675K  for  a  pump- 
laser  bandwidth  of  0 . 8  cm-1 
and  a  triangular  slit  func¬ 
tion  of  1  cm-*  FWHM.  The 
gas  mixture  is  assumed  to  be 
107.  H2O  and  90%  Nj  ,  and  the 
homogeneous  linewidths  for 


Fig.  12  CARS  spectra  of  H.  in  flat  Hj-air 
diffusion  flame  at  several  temperatures 
determined  from  Q  branch  transition  ratios. 
Frequency  scale,  0.6  cm"*/dot. 


Fig.  13  Temperature  measurements  in 
flat  H2-air  diffusion  flame  at  various 
heights  above  burner  exit.  Symbols: 
circles,  Pt-Pt  10%  Rh  thermocouple; 
open  triangles,  H2  CARS;  solid  tri' 
angles,  02  CARS.  Dotted  curve  locus  of 
maximum  temperature. 
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Fig.  16  Experimentally  scanned  CARS  spectra 
of  COj  in  postflame  region  of  a  CO/O2  flame. 


,  _  ,  Reprinted  with  permission  (Ref.  35) 

Fig.  15  Calculate  a 

effect  of  tempera¬ 
ture  on  CARS  H2O 
spectrum. 

Reprinted  with  permission  (Ref.  21) 


4.  CONCENTRATION  MEASUREMENTS 

In  general,  concentration  information  derives  frem  the  intensity  of  the  spectrally 
integrated  CARS  signal  (Ref.  30).  As  alluded  to  earlier,  species  detection  sensitivity 
is  limited  for  conventional  CARS  approaches,  i.e.  aligned  polarizations ,  due  to  the 
presence  of  the  background  nonresonant  susceptibility.  This  situation  is  quite  evident 
in  the  computer  calculations  for  O2  at  2000°K  shown  in  Fig-  17.  Similar  calculations  for 
CO  my  be  found  in  Refs.  20.  23.  The  CARS  spectrum  at  20%  concentration  rises  well  out  of 
the  nonresonant  background,  only  slightly  evident,  and  the  hot  band,  v-l-*2  transitions, 
is  quite  prominent.  As  the  concentration  decreases,  significant  modulation  of  the  non¬ 
resonant  background  occurs;  however,  the  depth  of  the  modulation  becomes  less  with  de¬ 
creasing  O2  concentrations.  At  1%  concentration,  the  modulation  depth  is  only  10%.  To 
the  extent  that  the  nonresonant  susceptibility  is  known  or  can  be  approximated,  the 
concentration  of  a  particular  species  can  be  obtained  from  the  shape  of  the  CARS  spectrum 
obviating  the  requirement  for  absolute  intensity  measurements.  The  concentration  range 
appropriate  to  spectral  curve  fitting  for  concentration  measurements  will  vary  from  molecule 
to  molecule  and  upon  gas  composition  and  temperature.  For  molecules  with  closely  spaced 
rotational  transitions  such  as  CO,  O2  and  N£  and  at  flame  temperatures,  the  range  is 
approximately  between  0.1  and  20  percent.  This  approach  has  been  quantitatively  verified 
in  the  case  of  CO  (Ref.  23) .  Figure  18  displays  examples  of  low  concentration  O2  spectra 
from  a  flat  Ho-air  diffusion  flame,  which  have  been  employed  to  map  02  decay  through  the 
flame  (Ref.  27). 

For  concentration  measurements  at  lewer  levels  or  for  measurements  over  a  wide  density 
range,  the  background  nonresonant  susceptibility  can  be  cancelled  by  appropriately 
orienting  the  laser  field  and  CARS  defection  polarizations  (Refs .31-33) .  Unfortunately, 
this  approach  leads  to  a  loss  in  signal  intensity  by,  at  least, a  factor  of  sixteen.  Number 
densities  are  then  obtained  from  the  strength  of  the  spectrally  integrated  signal  after 
appropriate  calibration.  In  Fig.  19,  background  susceptibility  cancellation  is  demon¬ 
strated  for  CO  in  a  flat  CO-air  diffusion  flame.  Folded,  i.e.  nonplanar,  BOXCARS  was 
employed  as  well  as  broadband  generation  and  detection.  With  aligned  polarizations ,  the 
typically  observed  modulated  type  of  CARS  spectr\an  was  obtained.  By  orienting  the  ui  pump 
fields  at  60°  and  the  CARS  analyzer  at  120°  to  the  horizontally  polarized  ^  Stokes  field, 
the  nonresonant  susceptibility  was  reduced  by  over  two  orders  of  magnitude  and  the  back¬ 
ground  free  CARS  spectrum  of  CO  was  observed  as  seen. 

Since  virtually  all  hydrocarbon  fuels  are  Raman  active  (Ref .34)  and  often  with  large 
cross  sections,  CARS  can  in  principle  be  used  to  monitor  fuel  mixing  and  pyrolysis 
processes.  Other  than  observing  CARS  spectra  of  hydrocarbons  in  flames  (Refs.  7,35),  little 
work  of  a  quantitative  nature  has  been  reported  although  this  should  be  a  fruitful  area  for 
future  investigations. 
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Fig.  17  Computed  CARS  spectra 
of  oxygen  at  various  concen¬ 
trations  and  2000°K.  Slit- 
width,  2.7  cm  .  xnr  “ 
1.5(10*8)  cm-^/erg. 
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Fig.  18  CARS  spectra  of  C>2  in 
flat  H2-air  diffusion  flame  at 
various  locations  across  the 
flame  5  mm  above  burner  exit. 
Frequency  scale,  0.44  cm'Vdot 


Frequency 


Fig.  19  Nonresonent  susceptibility  cancellation  in  CARS  by  polarization 
rotation.  Folded  BOXCARS  in  a  flat  CO-air  diffusion  flame.  Polarizations 
oriented  as  shown. 


1*  !  i 


5.  REFERENCES 

1.  A  C.  Eckbreth,  P.  A.  Bonczyk  and  J.  F.  Verdieck  Laser  Raman  and  Fluorescence 
Techniques  for  Practical  Combustion  Diagnostics.  Appl  Spect  Rev.,  Vol  11.  pp 
15-164,  1978. 

2.  M.  Lapp  and  C.  M.  Penney  Laser  Raman  Gas  Diangostlcs.  Plenum  Press,  New  York,  1974 

3.  S.  Lederman  The  Use  of  Laser  Raman  Diagnostics  in  Flow  Fields  and  Combustion  Prog 

Energy  Comb.  Sci.,  Vol.  3,  pp.  1-34  1977. 

4.  D.  P.  Aeschliman  and  R  E.  Setchell  Fluorescence  Limitations  to  Combustion  Studies 
Using  Raman  Spectroscopy .  Appl.  Spect.,  Vol.  29,  pp.  426-429,  1975 

5.  A.  C.  Eckbreth:  Effects  of  Laser-Modulated  Particulate  Incandescence  on  Raman 
Scattering  Diagnostics.  J.  Appl.  Phys..  Vol.  48.  pp.  4473-4479,  1977, 

6.  G.  L.  Switzer,  W,  M.  Roquemore ,  R.  P.  Bradley,  P.  W.  Schreiber,  and  W  B  Roh  CARS 
Measurements  in  a  Bluff-Body  Stabilized  Diffusion  Flame.  Appl.  Opt  .  Vol.  18,  pp 
2343-2345,  1979. 

2-  I.  A.  Stenhouse,  D.  R,  Williams,  J.  B.  Cole  and  M.  D.  Swords  CARS  in  an  Internal 
Combustion  Engine.  Appl.  Opt.,  Vol. 18,  pp.  3819-3825,  1979. 

B.  Attal,  M.  Pealat  and  J.  P.  Taran :  CARS  Diagnostics  of  Combustion  AIAA  Paper  No 
80-0282,  presented  at  the  18th  Aerospace  Sciences  Meeting,  Pasadena,  CA  .  1980 

9-  A.  C.  Eckbreth:  CARS  Thermometry  in  Practical  Combustors.  Combust.  Flame,  accepted  for 
publication,  1980.  Also  see  Laser  Focus,  Vol.  15,  pp .  32-36,  1979. 

10.  A.  C.  Eckbreth:  Spatially  Precise  Laser  Diagnostics  for  Practical  Combustor  Probing 
in  D.  R.  Crosley,  Ed.:  Laser  Probes  of  Combustion  Chemistry,  ACS  Symposium  Series, 

1980 . 

11.  J.  W.  Nibler,  W,  M.  Shaub,  J.  R.  McDonald,  and  A.  B.  Harvey:  Coherent  Anti-Stokes 
Raman  Spectroscopy . in  J.  R.  Durig,  Ed.:  Vibrational  Spectra  and  Structure.  Vol  6, 
Elsevier,  Amsterdam,  1977. 

12.  S.  Druet  and  J.  P.  Taran:  Coherent  Anti-Stokes  Raman  Spectroscopy . in  C.  B.  Moore.  Ed: 
Chemical  and  Biological  Applications  of  Lasers.  Academic  Press,  New  York,  1979 

13.  J.  W.  Nibler  and  G.  V.  Knighten:  Coherent  Anti-Stokes  Raman  Spectroscopy  in  A  Weber, 
Ed:  Raman  Spectroscopy  of  Gases  and  Liquids.  Sprlnger-Verlag ,  Berlin,  1979. 

14.  A.  C.  Eckbreth  and  P.  W.  Schreiber.-  Coherent  Anti-Stokes  Raman  Spectroscopy  -  Applica¬ 
tion  to  Combustion  and  Gas  Phase  Diagnostics,  in  A.  B.  Harvey,  Ed.:  Chemical  Applica¬ 
tions  of  Nonlinear  Raman  Spectroscopy.  Academic  Press,  New  York,  1980. 

15.  W.  B.  Roh,  P.  W.  Schreiber  and  J.P.E.  Taran:  Single-Pulse  Coherent  Anti-Stokes  Raman 
Scattering.  Appl.  Phys.  Letts.,  Vol.  29,  pp.  174-176,  1976. 

16.  A.  C.  Eckbreth:  BOXCARS:  Cross-Beam  Phase-Matched  CARS  Generation  in  Gases.  Appl.  Phys. 
Lett.,  Vol.  32,  pp.  421-423,  1978. 

17.  G.  Laufer  and  R.  B.  Miles:  Angularly  Resolved  Coherent  Raman  Scattering.  Opt.  Conn., 
Vol.  28,  pp.  250-254,  1979. 

18.  A.  Compaan  and  S.  Chandra:  Coherent  Anti-Stokes  Raman  Scattering  with  Counterpropa- 
gating  Laser  Beams.  Opt.  Lett.,  Vol.  4,  pp.  170-172,  1979. 

19.  K.  A.  Marko  and  L.  Rimai:  Space- and  Time-Resolved  Coherent  Anti-Stokes  Raman 
Spectroscopy  for  Combustion  Diagnostics.  Opt.  Lett.,  Vol.  4,  pp.  211-213,  1979. 

20.  R.  J.  Hall:  CARS  Spectra  of  Combustion  Gases.  Combust.  Flame,  Vol.  35,  pp.  47-60,  19791 

21.  R,  J.  Hall,  J.  A.  Shirley  and  A.  C.  Eckbreth:  Coherent  Anti-Stokes  Raman  Spectroscopy, 
Spectra  of  Water  Vapor  in  Flames.  Opt.  Lett.,  Vol.  4,  pp.  87-89,  1979. 

22.  A.  C.  Eckbreth  and  R.  J.  Hall:  CARS  Diagnostic  Investigations  of  Flames,  pp.  943-972 
in  Vol.  2  of  Proceedings  of  the  10th  Materials  Research  Symposiun,  NBS  Special 
Publication  561,  1979. 


I  *-12 


23.  A.  C.  Eckbreth:  CARS  Investigations  In  Flames,  pp.  975-933  in  Proceedings  of  the 
XVIIth  (InteraatlonaDSymposltn  on  Combustion  .The  Combustion  Institute.  Pittsburgh. 
PA. .  1979. 

24.  I.  R.  Beattie.  J.  D,  Black  and  T.  R.  Gilson  An  Approach  to  Rotational  Temperatures 
of  Nitrogen  in  Diffusion  Flames  Using  Coherent  Anti-Stokes  Raman  Scattering  Combust 
Flame,  Vol.  33.  pp.  101-102,  1978 

25.  A.  C.  Eckbreth  and  R.  J.  Hall  CARS  Thermometry  in  a  Sooting  Flame  Combust  Flame. 
Vol.  36.  pp.  87-98,  1979. 

26.  A.  C.  Eckbreth:  Remote  Detection  of  CARS  Employing  Fiber  Optic  Guides.  Appl  Opt., 
Vol.  18,  pp.  3215-3216,  1979. 

27.  J.  A.  Shirley.  A.  C.  Eckbreth  and  R  J.  Hall  Investigation  of  the  Feasibility  of 
CARS  Measurements  in  Scramjet  Combustion.  Proceedings  of  the  16th  JANNAF  Combustion 
Meeting,  Moneterey,  CA.,  1979. 

28.  H.  G.  Wolfhard  and  W.  G.  Parker:  A  New  Technique  for  the  Spectroscopic  Examination 
of  Flames  at  Normal  Pressures.  Proc.  Phys .  Soc ,  A,  Vol.  62,  pp. 722-730,  1949 

29.  M.  Lapp  and  C.  M.  Penney:  Raman  Measurements  on  Flames,  in  R.J  H.  Clark  and  R  E 
Hester,  Eds.:  Advances  in  Infrared  and  Raman  Spectroscopy.  Vol.  3,  Heyden.  London, 
1977. 

30.  W.  B.  Roh  and  P.  W.  Schreiber .  Pressure  Dependence  of  Integrated  CARS  Power.  Appl 
Opt.,  Vol.  17,  pp  1418-1424,  1978. 

31.  J.  J.  Song,  G.  L.  Eesley  and  M.  D.  Levenson.  Background  Suppression  in  Coherent 
Raman  Spectroscopy.  Appl.  Phys.  Letts.,  Vol.  29,  pp.  567-569,  1976. 

32.  L.  A.  Rahn,  L.  J.  Zych  and  P.  L.  Mattem.  Background-Free  CARS  Studies  of  Carbon 
Monoxide  in  a  Flame.  Opt.  Comm.,  Vol.  30,  pp.  249-253,1979. 

33.  J.  L.  Oudar,  R.  W.  Smith  and  Y.  R.  Shen-.  Polarization-Sensitive  Coherent  Anti-Stokes 
Raman  Spectroscopy.  Appl.  Phys.  Letts.,  Vol.  34,  pp. 758-760,  1979. 

34.  D.  A.  Stephenson:  Raman  Cross  Sections  of  Selected  Hydrocarbons  and  Freons.  J .  Quant. 
Spect.  Rad.  Trans.,  Vol.  14,  pp.  1291-1301,  1974. 

35.  A.  C.  Eckbreth,  R.  J.  Hall  and  J.  A.  Shirley:  Investigation  of  Coherent  Anti-Stokes 
Raman  Spectroscopy  (CARS)  for  Combustion  Diagnostics.  AIAA  Paper  No.  79-0083,  1979 


6 .  ACKNOWLEDGEMENTS 

Separate  portions  of  the  research  described  herein  were  sponsored  in  part  by  the 
EPA,  NASA  Langley  and  Project  SQUID.  The  authors  wish  to  express  their  appreciation 
to  Drs.  C.  J.  Ultee  and  J.  F.  Verdleck  for  many  stimulating  discussions  and  to 
Mr.  Edward  Dzwonkowski  for  his  very  capable  technical  assistance. 


M  l 


DISCUSSION 


V.Wittmer.  (»e 

Are  you  able  to  measure  with  the  present.^  technique  (CARS)  fluctuating  quantities  (for  example,  temperature, 
concentration  I? 

Author’s  Reply 

For  most  combustion  applications  at  moderate  pressures,  for  example,  one  to  forty  atmospheres,  high  intensity 
laser  sources  are  required  which  operate  typically  at  ten  to  twenty  pulses  per  second.  Thus  we  are  restricted  to 
statistically  sampling  the  turbulence,  that  is,  measuring  probability  density  functions.  At  very  high  pressures,  greater 
than  103  atmospheres  typical  of  some  ballistic  propellant  applications,  it  may  be  possible  to  use  sources  with  pulse 
repetition  rates  of  the  order  of  !04  Hz  permitting  near  real  time  resolution  of  some  events. 


M.Pealat,  Fr 

Has  the  H2  spectrum  been  recorded  by  multiplex  CARS  and,  in  this  case,  how  can  you  obtain  a  dye  laser  spectrum 
broad  enough  to  extend  from  the  Q  (0)  and  the  Q  (4)  lines  of  H2  ? 

Author’s  Reply 

Yes,  the  H2  spectrum  was  obtained  using  a  broad-band  dye  laser.  To  obtain  efficient  laser  operation  at  about 
6800  A  required  to  excite  H2 ,  we  use  a  binary  dye  mixture  to  increase  the  absorption  of  the  frequency-doubled 
neodymium  laser.  In  general,  binary  mixtures  lead  to  broader  Stokes  bandwidths.  In  the  H2  spectrum,  we  take 
into  account  the  shape  of  the  Stokes  laser  in  the  computer  calculations.  Experimentally,  the  Q  (I  >  to  Q  (5)  lines 
reside  within  the  full  width  at  half  height  of  the  dye  spectrum. 


M.Lapp,  US 

The  agreement  of  your  CARS  experimental  spectra  with  theory  appears  to  be  quite  good.  Concerning  the  strong 
peak  seen  in  the  HjO  vapour  contour,  R.L.  St.  Peters  (C  E  C.  Research'  and  Development.  Schenectady)  has 
completed  a  theoretical  study  recently  which  shows  agreement  with  that  peak  strength.  This  work  was  completed 
under  an  AFAPL  contract  and  will  be  published  soon. 

Author’s  Reply 

We  intend  to  pursue  a  more  thorough  experimental  validation  of  our  H20  computer  code  from  400  K  to  2000  K  later 
this  year.  We  would  clearly  be  interested  in  receiving  a  copy  of  your  report  when  it  is  available. 


K.Kohse-Hoinghaus,  Ge 

I  should  like  to  ask  two  questions. 

(1 )  Can  you  say  something  about  the  chance  of  measuring  hydrocarbons  with  CARS? 

(2)  Could  you  please  comment  on  the  feasibility  of  other  non-linear  optical  techniques  for  temperature  and 
concentration  measurements  in  combustion  processes? 

Author’s  Reply 

(1 )  Most  hydrocarbons  have  fairly  strong  Raman  cross  sections  and  potentially  appear  amenable  to  diagnostics  by 
CARS.  Furthermore,  the  characteristic  C-H  vibrational  frequencies  are  well  enough  separated  for  various 
hydrocarbons  for  them  to  be  separately  monitored.  Hence  one  may  be  able  to  study  fuel  pyrolysis  using 
CARS.  CARS  may  also  be  useful  as  a  total  hydrocarbon  monitor  by  spectrally  integrating  over  the  i  ntire  C-H 
region.  However,  considerable  work  is  required  in  this  area  before  these  potentialities  can  be  realised. 

(2)  Besides  CARS  I  think  stimulated  Raman  gain  spectroscopy  (SRG)  is  the  only  other  viable  alternative  for 
combustion  diagnostics.  At  low  pressures,  about  one  to  twenty  atmospheres,  the  technique  is  restricted  to 
laminar  flames  primarily  because  the  gains  are  too  low  for  the  technique  to  be  multiplexed,  that  is,  single 
shot  data  capture.  At  high  pressures,  the  technique  looks  quite  attractive  because  the  gains  are  large  enough 
for  “instantaneous”  measurements.  In  fact  it  may  be  preferable  to  CARS  at  high  pressures  where  pump  laser 
intensities  are  limited,  not  because  of  optical  breakdown  considerations  but  to  avoid  Raman  gain  perturbation 
of  the  Stokes  field.  In  any  event,  one  uses  the  same  laser  and  detection  equipment  for  multiplex  CARS  or 
SRG  and  hence,  can  use  whichever  technique  is  preferable  in  a  given  pressure  regime. 


DAGreenhaigh,  UK 

( 1 )  What  level  of  intensification  do  you  use  on  your  multi-channel  detector? 

(2)  How  do  you  see  photon  statistics  affecting  the  accuracy  of  a  ‘single  shot'  measurement  in  a  practical 
combustor? 


18-14 


Comment  Raman  gain  spectroscopy  (RGS)  has  marginally  better  performance  in  terms  of  window  attenuation  and 
may  be  better  for  concentration  measurements  because  RGS  has  a  linear  dependence  and  not  a  squared 
dependence  on  concentration. 

Author's  Reply 

(1 )  We  have  always  used  an  SIT  tube,  a  vidicon  with  a  single  intensifier  stage.  One  advantage  of  performing  CARS 
with  a  frequency-doubled  ND:  YAG  laser  15320  A)  is  that  there  is  virtually  no  difference  in  sensitivity  between 
a  singly  (SIT)  and  doubly  intensified  (ISIT)  vidicon. 

(2)  Yes,  in  the  single  shot  spectrum  form  the  swirl  burner  that  I  showed  there  were  about  fifty  counts  in  the  hot 
band  peak1,  in  a  narrow  spectral  interval.  This  leads  to  a  peak  height  ratio  uncertainty  of  about  1 14?  or  a 
temperature  uncertainty  of  about  1 100  K.  In  a  situation  like  this  it  would  be  preferable  to  contour  fit  the 
entire  spectrum  instead  of  using  simple  algorithms  to  extract  temperature.  In  essence,  then  one  is  spectrally 
averaging  to  some  degree  and  this  would  improve  the  accuracy  of  a  single  shot  measurement.  The  goal  of  single 
shot  measurements  is  of  course  to  repeat  the  measurement  a  statistically  significant  number  of  times  to 
assemble  the  probability  distribution  function.  In  assembling  the  PDF,  photon  statistics  are  in  effect  averaged 
out  and  hence  I  believe  the  PDF  can  be  obtained  with  an  accuracy  better  than  that  of  the  individual 
temperature  measurements. 

Comment  response:  Raman  gain  spectroscopy  (SRG)  may  have  a  different  density  dependence  than  CARS,  but  the 
problem  with  density  measurements  in  a  single  shot  is  the  pulse  to  pulse  power  fluctuations  together  with  shot 
to  shot  laser  steering  instabilities.  CARS  of  course  scales  as  I,3  If  and  depends  quite  sensitively  on  alignment. 
The  gain  in  SRG  varies  as  the  exponential  of  the  pump  intensity,  I, ,  and,  for  high  spatial  resolution  crossed 
beam  approaches,  would  also  depend  sensitively  on  alignment.  Experimentally  I  don’t  think  it  would  be  much 
simpler.  The  density  dependencies  of  the  various  approaches  I  believe  is  primarily  a  data  reduction  problem. 

W. Strieker,  Ge 

Why  do  you  pump  your  dye  laser  slightly  off  axis  and  not  transversely  which  is  more  common?  Has  it  any  influence 
on  the  performance  of  a  CARS  experiment? 

Author’s  Reply 

1  prefer  to  pump  the  dye  laser  slightly  off  axis  whenever  possible  because  I  believe  we  obtain  better  mode  (beam) 
quality  from  the  laser  and  hence  higher  Stokes  laser  intensities  in  the  wave  mixing  zone.  Off-axis  pumping  is  able  to 
provide  high  oscillation  efficiencies  in  most  dyes  in  the  6000  to  7000  A  region. 

G.Winterfeld,  Ge 

Would  it  be  possible  to  develop  the  CARS  technique  into  a  single  ended  apparatus,  so  that  temperature  measurements 
in  turbomachines  would  be  possible? 

Author's  Reply 

We’ve  given  a  great  deal  of  thought  to  that  problem.  We  really  do  not  think  that  in  terms  of  the  physics  there  is 
really  any  way  you  can  generate  a  signal  in  the  backward  direction.  The  one  point  I  should  make  is  that  in  the 
practical  tunnel  work  that  I  did,  when  the  signal  emerged  from  the  combustor  we  focused  it  into  a  fibre  optic 
and  we  transmitted  it  to  our  spectrograph  which  was  remotely  located.  We  foresee,  for  example,  in  annular 
combustor  cans  where  you  might  go  through  air  bleed  holes  in  the  combustor,  to  have  a  very  small  receiver  placed 
inside  the  annular  can,  with  fibre  optic  transmission  of  the  CARS  signal  to  remotely  located  instrumentation.  In 
the  near  term  that  would  certainly  be  the  approach  we  would  look  at. 
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SUMMARY 

A  comparison  is  given  here  of  the  capabilities  of  advanced  1  igh t-sca t ter i ng  measure¬ 
ment  techniques  with  the  needs  of  new  combustion  modeling  approaches.  Such  comparisons 
are  useful  in  working  toward  the  coupled  goals  of  developing  and  verifying  new  flame 
models  and  providing  guidance  for  the  development  of  experimental  prob»  methods  along 
the  most  productive  paths.  The  types  of  experimental  data  available  a  e  compared  with 
those  often  required  in  combustion  modeling,  permitting  one  to  asses  the  present  and  po¬ 
tential  contributions  of  the  techniques.  This  assessment  is  illustrated  by  considera¬ 
tion  of  some  current  analytical  results  based  upon  Pratt's  coalescence/dispersion  model, 
and  by  some  recent  experimental  results  from  Raman  scattering  diagnostics  of  turbulent 
diffusion  flames.  The  experimental  data  shown  include  simultaneously-determined  values 
of  temperature  and  major  species  densities,  and  are  presented  in  the  form  of  pdf’s  and 
densi ty- temperature  correlations. 


1.  INTRODUCTION 

The  need  to  better  utilise  our  limited  fossil  fuel  resources  has  renewed  tremendous 
interest  in  the  study  of  combustion  phenomena  [11 .  Such  interest  centers  on  both  the 
experimental  understanding  of  the  combustion  processes  and  the  development  of  predictive 
methods  to  calculate  the  key  flow  field  and  thermodynamic  variables.  The  driving  force 
for  this  interest  arises  from  the  necessity  to  cope  with  diverse  ("alternate")  fuels 
possessing  variable  ("wide  spec")  properties,  requirements  for  increased  efficiency  and 
greater  operational  safety  along  with  improved  compatibility  with  engineering  materials 
and  with  the  environment,  and  improved  cost-  and  time-saving  features  in  the  design,  con¬ 
struction,  and  testing  of  new  combustion  devices. 

In  order  to  address  the  technological  goals  faced  by  combustor  designers,  models 
must  be  developed  which  provide  not  only  design  and  testing  aids,  but  which  also  are 
directed  toward  producing  new  insight  into  the  basic  behavior  of  high  temperature  chem¬ 
ically  reacting  flows  that  can  be  turbulent  and  out  of  chemical  or  thermal  equilibrium. 
Turbulence  models  have  been  successfully  devised  for  flows  with  constant  fluid  proper¬ 
ties  [2,3,41;  these  have  provided  the  foundation  for  extension  to  flows  with  variable 
density  and  combustion.  However,  the  ability  to  measure  and  calculate  accurately  the 
fields  of  velocity,  major  species  concentration,  temperature,  and  pollutant  concentra¬ 
tion  in  practical  systems,  such  as  gas  turbine  combustors,  internal  combustion  engines, 
industrial  furnaces,  etc.,  remains  limited. 

On  the  experimental  side,  new  data  of  importance  are  being  generated  by  advanced 
optical  techniques  only  recently  developed  for  flame  diagnostics  [51.  These  techniques 
allow,  for  the  first  time,  the  simultaneous  measurement  of  instantaneous  values  of  the 
flow  and  thermodynamic  variables  in  a  combustion  environment  without  either  perturbinq 
the  environment  or  giving  rise  to  discomforting  questions  concerning  probe  survivability. 
In  many  cases,  several  different  optical  methods  can  be  coupled  together  with  the  same 
general  optical  access,  to  provide  a  more  nearly  complete  picture  of  the  flame  system, 
and,  of  course,  these  can  be  coupled  with  other  probes  (such  as  sampling  devices,  optical 
imaging  techniques,  plasma  probes,  etc.)  to  provide  even  more  information.  These  optical 
methods  have,  however,  clear  limitations.  The  most  important  of  these  relate  to  the  re¬ 
quirements  imposed  for  optical  access  and  the  difficulty  of  obtaining  high  quality  data 
from  an  environment  which  can  be  strongly  luminous  and  particle-laden.  That  these  prob¬ 
lems  have  been  overcome  in  some  circumstances  is  encouraging  for  the  future  application 
of  optical  measurement  methods  to  practical  test-bed  combustors  [61.  Of  equal  importance 
is  the  fact  that,  ir.  bench-scale  combustors  carefully  chosen  to  provide  tests  of  impor¬ 
tant  flame  properties  (such  as  pollutant  formation)  under  well-controlled  laboratory 
conditions,  data  of  high  quality  can  be  obtained  by  these  new  techniques  that  have  the 
promise  to  provide  basic  information  needed  by  theoreticians  in  order  to  make  fundamental 
improvements  in  variable  density,  chemically-reacting  flow  models  [51. 

On  the  theoretical  side,  development  of  calculation  procedures  that  can  handle  time- 
dependent  flows  and  three-dimensional  geometries  is  a  significant  complication,  but  does 
not  present  insurmountable  problems.  The  major  obstacle  for  combustion  modeling,  how¬ 
ever,  is  the  difficulty  of  treating  finite  rate  chemistry,  i.e.,  the  problem  of  evalu¬ 
ating  mean  formation  rates  for  important  species  [71.  In  the  next  section,  we  will  out¬ 
line  the  needs  and  capabilities  of  turbulent  diffusion  flame  modeling,  omitting  time- 
dependent  and  three-dimensional  effects,  but  focusing  on  the  key  problem  of  evaluating 
mean  formation  rates.  Following  this,  we  will  mention  various  new  optical  probes  suit¬ 
able  for  flame  diagnostics,  and  then  specialize  the  discussion  to  a  consideration  of 
vibrational  Raman  scattering  methods  which,  combined  with  laser  velocimetry,  have  been 
developed  as  an  integrated  probe  system  for  determining  instantaneous  values  of  flame 
temperature,  major  species  density,  and  flow  velocity.  Finally,  we  will  compare  the 


species  density,  and  flow  velocity.  Finally,  we  will  compare  the  needs  of  modelers  with 
recent ly-developed  capabilities  in  optical  measurement  techniques,  and  assess  the  present 
state-of-the-art. 

2.  MODELING  CAPABILITIES  AND  NEEDS 

In  turbulent  reactive  flow  modeling,  the  mean  species  conservation  equations  must 
be  solved  simultaneously  with  the  mean  flow  equations.  Since  the  mean  species  conserva¬ 
tion  equations  have  an  additional  term  associated  with  the  mean  formation  rates  of  the 
species  due  to  chemical  reactions,  their  solutions  require  a  Knowledge  of  the  mean  forma¬ 
tion  rates.  The  evaluation  of  these  rates  represents  the  main  problem  in  combustion 
modeling.  This  can  be  seen  easily  by  considering  a  simple  irreversible  reaction  such 
as 
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A  ♦  B  -i  C.  (1) 

The  instantaneous  formation  rate  of  C  (combustion  product)  may  be  represented  by  an  equa¬ 
tion  of  the  form 


where  m.  is  the  instantaneous  mass  fraction  of  species  i,  r.  is  the  instantaneous  mixture 
mass  density  expressed  by  the  perfect  gas  law,  and  K ,  is  the  modified  Arrhenius  forward 
rate  constant  defined  as 

kf  *  const  x  TN  exp  (-T  /T) .  (3) 

In  Eq.  (3),  T  is  the  instantaneous  temperature,  T  is  the  activation  temperature,  and 
N  is  a  constant.  If  the  reaction  occurs  in  a  constant  mean  pressure  environment  and  the 
density  fluctuation  caused  by  turbulent  pressure  fluctuations  is  negligible  compared  to 
density  variation  due  to  the  temperature  change  caused  by  chemical  reaction,  then  with 
the  help  of  the  perfect  gas  law,  Rc  can  be  written  as 

Ft  =  const  x  TN‘2  m,m_  exp  (-T/T)  .  (4) 

C  no  d 

Thus,  R  is  a  strongly  nonlinear  function  of  T,  and  can,  in  general,  be  nonlinear 
in  mass  fractions  as  well.  It  follows  that  the  mean  value  of  R  ,  denoted  by  R  ,  is  there¬ 
fore  not  equal  to  the  value  of  R  that  would  be  evaluated  basedcon  the  mean  vafues  of 
T,  mft,  and  m_  [8,91 .  In  more  detail,  if  R  is  calculated  by  expanding  Eq.  (4)  according 
to  Reynolds  decomposition  of  an  instantaneous  variable  (where  a  prime  will  be  used  to 
denote  the  fluctuating  part  of  that  variable)  and  by  taking  the  time-average  of  the  ex¬ 
pansion  [8,91,  an  infinite  series  results  for  large  activation  energies  (as  would  be  the 
case  for  the  major  flame  reactions),  the  leading  term  of  which  is  given  by  Eq.  (4)  with 
the  instantaneous  variables  replaced  by  their  time-averaged  counterparts.  The  remaining 
infinite  series  of  terms  contains  products  of  the  form  of  T*m' ,  m'ml,  T '  ^ ,  etc.  For 
R  to  be  evaluated  correctly,  an  infinite  number  of  these  moments  containing  the  vari¬ 
ables  T,  mft,  and  m0  would  have  to  be  determined. 

The  practice  in  the  past  is  to  determine  R  by  considering  either  the  first  or  first 
two  terms  of  the  expansion.  However,  this  approach  can  lead  to  erroneous  mean  formation 
rates  for  some  reactions  [8,91.  Borghi  ( 8 1  estimated  that,  for  a  wide  variety  of  reac¬ 
tions  and  chemical  species,  R  can  be  approximated  by  considering  a  finite  number  of 
terms  in  the  expansion  (typically,  seven  terms  involving  eight  third-order  and  lower  mom¬ 
ents  of  T,  m»,  and  mB) .  The  various  terms  in  the  expansion,  other  than  the  first,  can 
be  determined  by  solving  simultaneously  their  governing  mean  transport  equations,  which 
can  be  derived  through  turbulence  modeling.  As  a  result,  combustion  modeling,  even  of 
simple  flow  systems,  is  a  much  more  formidable  task  and  much  less  accurate  than  the  mod¬ 
eling  of  nonreactive  turbulent  flows. 

2.1  Current  Approach  to  Combustion  Modeling.  The  evaluation  of  mean  formation  rates 
is  so  complex  that  current  models  are  applicable  only  to  systems  which  can  be  described 
either  with  the  assumption  of  chemical  equilibrium  (very  fast  reaction  rates)  or  in  terms 
of  one  or  two  global  finite  rate  reactions.  Since  most  of  the  reactions  associated  with 
the  high  temperature  oxidation  of  hydrocarbon  and  hydrogen  fuels  have  very  short  time 
scales  compared  with  those  characteristic  of  the  turbulence  field,  the  assumption  of 
fast  chemistry  is  suitable  for  the  study  of  these  reactions.  (Reaction  time  scales  for 
these  fuels  are  perhaps  of  the  order  of  0.1  ms,  while  the  turbulent  time  scale  is  given 
by  the  Kolmogorov  microscale  which,  through  dimensional  arguments,  is  found  to  be  pro¬ 
portional  to  the  square  root  of  the  kinematic  viscosity  divided  by  the  dissipation  rate  [10). 
For  thin  shear  flows,  the  Kolmogorov  microscale  is  estimated  to  be  of  the  order  of  10  ms.) 

On  the  other  hand,  the  estimation  of  unburnt  fuel,  formation  of  pollutants  such  as  NO 
and  CO,  and  the  study  of  such  phenomena  as  ignition  and  blowout  require  consideration* 
of  finite  rate  reactions. 

First,  the  current  approach  will  be  briefly  examined  for  its  capabilities  and  limi¬ 
tations.  This  approach  can  only  be  applied  to  combustion  systems  where  fuel  and  oxidant 
are  injected  separately.  Under  the  assumption  of  fast  chemistry,  the  equilibrium  composi¬ 
tion,  temperature,  and  mixture  density  can  be  determined  once  the  elemental  mass  frac¬ 
tions,  enthalpy,  and  pressure  of  the  system  are  known.  In  this  case,  there  is  no  need 
to  evaluate  the  mean  formation  rates  of  species  and  the  major  difficulty  in  combustion 
modeling  is  removed.  Further  assumptions  of  negligible  heat  loss  to  the  surroundings 
and  of  species  and  heat  diffusion  proceeding  at  the  same  rate  (i.e.,  unity  Lewis  number) 
allow  the  thermodynamic  state  of  the  gas  to  be  expressed  as  a  function  of  a  single  con¬ 
served  scalar  variable.  A  typical  choice  for  the  conserved  scalar  is  the  mixture  frac¬ 
tion,  f,  defined  here  as  the  mass  fraction  of  fuel  atoms  in  the  fuel/oxidant  mixture. 

This  parameter  can  be  related  to  the  equivalence  ratio,  ♦ ,  by 


where  r  is  the  stoich lome t r ic  mass  ratio  of  oxidant  to  fuel.  The  species  conservat  :or. 
equations  are  then  reduced  to  an  equation  for  f  and  the  additional  source  term  vanishes 
because  f  is  a  conserved  scalar. 


The  current  approach  involves  solving  the  mean  flow  equations  with  the  mean  conser¬ 
vation  equation  for  f.  Closure  of  the  mean  governing  equations  is  usually  accomplished 
through  the  use  of  the  two-equation  turbulence  model  of  Jones  and  Launder  [111  and  the 
assumption  of  a  turbulent  Schmidt  number  (ratio  of  momentum  to  mass  di  f  f  usi  vi  t  i  es)  [12,11). 
This  model  requires  the  simultaneous  solution  of  two  additional  equations  that  govern 
the  transport  of  mean  kinetic  energy  and  its  dissipation  rate.  Through  dimensional  argu¬ 
ments,  the  eddy  diffusivity  of  momentum  that  appears  in  the  mean  flow  equations  can  be 
related  to  the  mean  turbulent  kinetic  energy  and  its  dissipation  rate.  Hence,  the  equa¬ 
tion  set  is  closed.  In  order  to  account  for  the  fluctuations  (with  time)  of  f,  a  two- 
parameter  probability  density  function  (pdf)  for  f  is  often  assumed .  The  two  parameters 

in  the  pdf  are  then  determined  in  terms  of  7  and  its  variance  f ' 2 .  An  equation  for  f'2 
can  be  derived  from  the  conservation  equation  for  f  and  suitable  closure  assumptions  114). 
Once  the  pdf  is  determined,  the  mean  value  and  variance  of  other  scalars,  4(f),  can  be 
determined  from  ^ 

*  =  /  4(f)  P(f>  df  (6) 

0 


and  _  1  _ 

4* 2  *  /  *2(f)  P(f)  df  -  S2, 

0 


(7) 


where  the  pdf,  P(f),  must  satisfy  the  conditions 

P(f)  >0  0  ;  f  <  1, 

P(f)  =0  f  <  0,  f  >  1. 


} 


(8) 


Various  shapes  for  P(f)  (such  as  rectangular  waves,  clipped  Gaussians,  and  the  g  -  pdf) 
have  been  proposed  and  tried  by  a  number  of  investigators  [12-161  and  the  calculated  re¬ 
sults  compared  with  the  measurements  of  an  Hj/air  jet  diffusion  flame  [17).  Jones  [16] 
found  that  the  g  -  pdf  gave  the  best  overall  compar i son . 

The  extent  to  which  the  current  approach  can  calculate  the  aerodynamic  flow  field 
depends  on  the  turbulent  closure  assumptions.  If  the  well-known  "two-equation"  model  [111 
is  used,  the  flow  properties  that  can  be  calculated  include  the  mean  velocity  field,  the 
mean  turbulent  kinetic  energy,  and  its  dissipation  rate.  By  adopting  more  advanced  con¬ 
cepts,  such  as  a  Reynolds  stress  model  [21,  the  mean  Reynolds  stress  field  can  be  deter¬ 
mined.  However,  none  of  these  models  can  assess  the  importance  of  such  mean  quantities 
as  the  one-point  correlations  between  the  velocity  and  mixture  density  field.  These 
quantities  are  of  great  significance  if  the  question  of  extending  the  constant  density 
turbulence  models  to  reactive  flow  modeling  is  to  be  answered.  Assumptions  about  modeling 
these  quantities  can  be  avoided  if,  instead  of  using  Reynolds  averaging,  the  density- 
weighted  values  (i.e.,  Favre  averaging  [18])  are  used  to  derive  the  governing  equations. 
However,  since  some  optical  techniques  (such  as  Raman  scattering)  that  are  capable  of 
providing  detailed  information  for  these  flames  produce  data  in  the  form  of  unweighted 
quantities,  a  comparison  of  measured  and  calculated  values  requires  a  knowledge  of  the 
density  and  velocity  correlations.  Therefore,  if  these  latter  quantities  can  be  measured, 
some  basic  questions  concerning  the  extension  of  the  constant  density  turbulence  models 
to  reactive  flow  modeling  [7,8,12,13,16]  can  be  answered. 

Besides  the  drawbacks  discussed  above,  the  main  weakness  of  the  current  approach 
lies  in  the  assumptions  used  to  model  the  chemical  reactions.  The  model  cannot  account 
for  the  effects  of  complex  finite  rate  chemistry.  Its  ability  to  handle  more  than  one 
reaction  is  limited  and  it  cannot  be  used  to  model  reactive  flows  with  fuel  and  oxidant 
premixed. 


In  practical  combustion  systems,  reactions  usually  occur  at  what  may  be  considered 
finite  rates  and  in  multiple  steps;  this  is  likely  the  case  for  such  combustion  phenomena 
as  formation  of  NO  [19]  and  CO,  unburnt  hydrocarbons,  ignition,  and  blowout.  Since  a 
prime  reason  for  developing  the  ability  to  calculate  the  properties  of  flames  is  to  help 
in  the  design  of  practical  combustion  systems,  a  model  is  required  in  which  the  chemical 
reactions  are  evaluated  realistically.  Furthermore,  it  is  highly  desirable  that  the 
model  be  able  to  treat  premixed  as  well  as  non-premixed  fuel/oxidant  flows  in  order  to 
be  applicable  to  new  combustor  designs. 

2.2  Alternative  Approach  to  Combustion  Modeling.  An  advanced  approach  to  model  combus¬ 
tion  correctly  can  be  formulated  by  applying  the  coalescence/dispersion  model  of  Pratt  [9] 
for  continuous  combustion  in  jet-stirred  reactors  to  the  calculation  of  turbulent  reac¬ 
tive  flows.  The  idea  behind  this  approach  is  to  use  a  "hybrid"  scheme  to  calculate  these 
flows.  First,  the  aerodynamic  flow  field  is  determined  by  solving  the  mean  flow  equa¬ 
tions  closed  by  an  appropriate  turbulence  model  (such  as  the  well-known  "two-equation"  [11] 
or  Reynolds  stress  [2]  model).  Then  the  coalescence/dispersion  model  of  Pratt  is  used 
to  determine  the  thermodynamic  properties  of  the  reactive  flow  field.  The  solution  of 
the  mean  flow  equations  is  well  documented  [11-16];  therefore,  we  proceed  to  a  brief  de¬ 
scription  of  Pratt's  model. 


The  coalescence/dispersion  model  is  based  on  Curl's  equation  [20]  for  binary  mixing. 
The  solution  of  Curl's  equation  for  one-dimensional  flow  is  accomplished  through  the  use 
of  a  "Monte  Carlo"  simulation  technique.  With  suitable  assumptions  for  the  flow  and  the 
coalescence/dispersion  (or  mixing)  frequency,  B.,  the  simulation  is  carried  out  as  fol¬ 
lows.  The  reactor  is  divided  into  K  cells.  Ifcthere  are  N  discrete  fluid  particles  in 
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the  reactor,  then  the  number  of  fluid  particles  in  each  cell  is  N  K .  The  fluid  par';-.*- 
feed  rate  into  each  cell  is  A  N/m  where  A  is  the  mass  flow  rate  through  the  reactor  and 
m  is  the  total  mass  in  the  reactor  at  any  moment.  For  each  cell  3  '3*1,  K>.  a  discrete 
number  of  particle  pairs  are  selected  randomly  for  mixing  so  that  all  conserved  proper¬ 
ties  of  the  pair,  such  as  enthalpy,  mass  concentrat ion  of  the  species,  etc.,  are  averaged. 
After  mixing,  each  particle  pair  assumes  the  averaqed  properties  thus  obtained.  The 
particle  residence  time  in  each  cell  is  f.t  =  t  /K,  where  t  is  the  mean  residence  time 
in  the  reactor.  This,  together  with  r  ,  determines  the  nufflber  of  binary  encounters  :r, 
each  cell;  namely,  S  Finally,  the  particles  in  the  cell  are  allowed  to  undergo 

adiabatic  batch  reaction,  usinq  either  a  chemical  equilibrium  assumption  or  finite  rate 
reaction,  as  desired.  The  whole  procedure  is  repeated  until  the  entire  process  has  be¬ 
come  time-stationary.  Mean  values,  as  well  as  the  second  and  higher  moments  of  fluctua¬ 
tions  of  the  thermodynamic  state  of  the  gas  can  be  obtained  from  instantaneous  er-.semble- 
averaging  over  the  reactor  population. 

This  concept  of  simulating  mixing  and  thereby  allowing  chemical  reactions  to  be 
evaluated  numerically  can  be  extended  to  calculate  reactive  flows  provided  a  correct 
ensemble  of  scalar  elements  (such  as  mixture  fraction,  elemental  mass  fractions,  enthalpy, 
etc.)  can  be  created  at  every  spatial  location  in  the  flow  field.  By  an  “ensemble  of 
scalar  elements”  is  meant  an  ensemble,  the  elements  of  which  have  only  scalar  properties. 
This  means  that,  if  a  finite  difference  scheme  is  used  to  solve  the  mean  flow  equations, 
a  correct  ensemble  of  scalar  elements  has  to  be  created  for  each  finite  difference  cell. 
Since  the  mean  transport  equation  for  the  scalar  is  not  solved  simultaneously  with  the 
mean  flow  equations,  the  creation  of  a  correct  ensemble  in  any  finite  difference  cell 
should  take  into  account  the  effects  of  the  various  transport  processes;  namely,  entrain¬ 
ment,  convection,  diffusion,  and  local  mixing.  Once  the  correct  ensemble  has  been  cre¬ 
ated,  Pratt's  coalescence/dispersion  model  can  be  used  to  calculate  the  scalar  properties 
within  the  ensemble.  Since  there  are  no  added  complexities  in  the  formulation  when  fi¬ 
nite  rate  reactions  and  multiple  reaction  sets  are  considered,  the  ability  of  the  present 
approach  to  handle  complex  reactive  flows  is  limited  only  by  the  availability  and  reli¬ 
ability  of  kinetic  mechanism  and  rate  data.  The  question  of  mean  formation  rates  is  by¬ 
passed,  because  the  instantaneous  formation  rate  is  calculated  and  the  mean  formation 
rate  can  be  evaluated  by  simply  ensemble-averaging  over  the  cell  population.  The  pdf's 
of  the  various  thermodynamic  properties  are  also  available.  Therefore,  the  moments  and 
cross-moments  of  the  scalars  can  be  calculated  and  compared  with  measurements. 

From  this  discussion,  it  is  clear  that  the  "hydrid"  scheme  can  be  made  to  work  if 
a  scalar  transport  model  is  formulated  to  create  an  ensemble  in  a  finite  difference  cell 
such  that  the  transport  processes  are  fully  accounted  for.  Such  a  model  for  two-dimen- 
sional/axisymmetr ic  turbulent  flows  has  been  formulated  and  validated  with  measurements 
from  non-reactive  two-dimensional  mixing  layers  and  round  jets  [21,221.  Good  agreement 
with  measured  data  was  obtained.  The  extension  of  the  approach  to  reactive  flow  calcula¬ 
tion  is  not  difficult  if  fast  chemistry  is  assumed.  If  finite  rate  chemistry  is  assumed, 
the  chemical  rate  equations  have  to  be  solved  also.  Therefore,  use  of  this  approach  is 
not  formidable  if  the  reaction  mechanisms  and  rates  are  known  and  if  an  efficient  compu¬ 
tational  algorithm  capable  of  solving  these  highly  non-linear  rate  equations  is  available. 

The  approach  outlined  above  is  similar  to  an  approach  in  which  a  transport  equation 
for  the  pdf,  P(f),  is  solved  together  with  the  mean  flow  equations.  The  advantage  of 
solving  an  equation  for  P(f)  rather  than  assuming  a  shape  for  P(f)  is  obvious.  Besides 
greatly  simplifying  the  calculations,  it  also  eliminates  the  unpleasant  necessity  of 
having  to  determine  the  shape  of  the  pdf  by  only  a  finite  number  of  moments  of  f  (usually 
two,  or  at  most  three).  The  derivation  and  closure  of  the  transport  equation  for  P(f) 
are  given  by  Janicka  et  al.  [231  and  Borghi  [241 .  Solutions  of  this  equation  together 
with  the  mean  flow  equations  have  been  obtained  by  Janicka  et  al.  [25] ,  Janicka  and  Koll- 
mann  [26],  and  Pope  (271.  Results  obtained  by  Janicka  et  al.  [24]  with  the  assumption 
of  chemical  equilibrium  for  an  H-/air  flame  compared  favorably  with  the  measurements  of 
Kent  and  Bilger  [13] ,  as  did  results  for  heated  jets  [26) .  Since  Janicka  and  his  co¬ 
workers  solved  the  equation  for  P(f)  using  a  finite  difference  scheme,  its  extension  to 
finite  rate  reactions  is  not  immediately  obvious.  Pope  [27]  proposed  to  solve  the  equa¬ 
tion  for  P(f)  using  a  "Monte  Carlo"  simulation  scheme  and  obtained  results  for  the  pdf 
comparable  to  those  obtained  by  So  et  al.  [22].  Since  then.  Pope  has  also  demonstrated 
that  his  approach  can  be  used  to  calculate  reactive  flows  with  finite  rate  reactions 
exactly. 

From  the  above  discussion,  it  follows  that  the  thermodynamic  properties  can  be  cal¬ 
culated  without  approximation  in  a  combustion  flow  (to  within  the  limit  of  the  input  chem¬ 
istry  information),  as  well  as  the  single  and  joint  pdf’s  of  these  properties.  There¬ 
fore,  a  combustion  experiment  with  the  thermodynamic  properties  correctly  measured  will 
provide  the  right  data  for  the  verification  of  these  calculation  models. 

Although  the  advanced  approaches  are  very  powerful  in  calculating  the  thermodynamic 
properties,  the  accuracy  of  these  results  depend  to  a  large  extent  on  the  accuracy  with 
which  the  turbulence  models  can  help  to  resolve  the  velocity  and  turbulence  field  proper¬ 
ties  [22,27]  .  In  this  sense,  these  new  approaches  suffer  the  same  basic  weakness  as  the 
current  approach,  i.e.,  the  key  to  correct  combustion  modeling  lies  in  the  turbulence 
models  for  variable  density  flow  and  not  in  the  chemistry  models.  It  is  precisely  in 
this  area  that  experimental  measurements,  especially  innovative  measurements  of  the  ve¬ 
locity  and  thermodynamic  properties  of  the  combustion  flow,  can  help,  both  in  the  under¬ 
standing  of  the  physics  of  combustion  and  in  developing  correct  modeling  procedures  for 
the  combustion  flow  field.  Further  discussion  is  given  in  Section  4. 

3.  LIGHT  SCATTERING  MEASUREMENT  TECHNIQUES 

We  have  just  discussed  the  need  for  improved  temperature,  concentration,  and  veloc¬ 
ity  fluctuation  data  in  order  to  help  unravel  key  questions  in  turbulent  flame  modeling; 
we  discuss  now  the  use  of  new  light  scattering  probes  to  provide  these  data. 


Laser  1  ight-scatter  mg  measurement  techniques  are  now  the  staqe  wte^e  yr^y  -a- 
r.e  employed  to  determine  many  of  the  important  properties  ,f  comn.stnr.  flows.  It.  par¬ 
ticular,  the  use  of  Raman  scattering  methods  car.  provide  oata  leading  to  ,»npfri,ir>'  a-d 
maior  species  densities  for  many  flames  with  excellent  space  ar.d  time  resolution  --  and 
can,  in  some  instances,  provide  these  data  in  correlations  that  include  needed  results 
from  other  optical  probes  (such  as  Rayleigh  scattering,  laser  veloc ime- r y ,  etc.,.  The 
general  compa  t  i  bi  1 1  ty  of  geometrical  access  with,  these  other  probes  leads  one  to  the  con¬ 
clusion  that  the  possibility  for  integration  of  several  non- intrusive  techniques  is  a 
valuable  attribute  of  light  scattering  diagnostics,  as  is  their  general  comparability 
with  other  forms  of  optical  and  solid  probe  apparatus. 

In  order  to  put  the  ma]or  capabilities  and  limitations  of  light  scattering  pror.es 
into  perspective,  we  consider  the  organization  shown  in  Table  I,  in  which  the  various 
methods  are  grouped  into  those  based  up>on  elastic  .and  inelastic  processes.  (The  elastic 
processes  are  actually  slightly  inelastic,  and,  in  fact,  depend  upon  this  inelasticity 
for  some  of  the  measurement  methods.  Thus,  direct  temperature  determinations  for  Ftaylcig 
line  shapes  depend  upon  the  line  broadening  mechanism,  but  the  overall  character  of  tr.ese 
processes  is  dominated  by  the  scattered  signal  being  very  close  in  frequency  to  the  sourc 
laser  frequency.) 

3.1  Elastic  Scattering  Methods.  Elastic  scattering  has  been  focused,  to  date,  upon  the 
acquisition  of  velocity  data  from  liqht  scattered  from  particles  either  seeded  into  the 
flow  or  naturally  present,  and  upon  the  study  of  particles  that  are  formed  in  flames  [28] 
Among  all  the  probes  mentioned  in  Table  I,  in  fact,  only  laser  velocimeters  are  available 
as  commercially-packaged  devices.  More  recently,  Rayleigh  scattering  has  been  utilized 
by  Rambach,  et  al,  [29]  for  temperature  measurements  in  a  turbulent  diffusion  flame  for 
which  the  reactant  and  product  gases  had  Rayleigh  scattering  cross-sect  ions  sufficiently 
close  in  value  that  valid  total  density  data  could  be  obtained  directly  from  the  scatter¬ 
ing  intensities.  The  ideal  gas  law  was  then  used  to  relate  density  to  temperature.  In 
those  cases  where  Rayleigh  scattering  can  produce  the  desired  data  (i.e.,  under  condi¬ 
tions  where  total  density  can  be  obtained  and  is  sufficient  for  the  required  analyses), 
its  greater  signal  strength  compared  with  Raman  scattering  clearly  mitigates  in  its  favor 
(See,  for  example,  analyses  by  Storm  [30]  and  Robben  131].) 

3.2  Inelastic  Scattering  Methods:  Raman  Scattering.  Inelastic  scattering  processes, 
that  is,  scattering  which  is  shifted  to  a  greater  or  lesser  degree  from  the  source  laser 
line,  are  tabulated  in  the  second  part  of  Table  I.  These  shifts  are  characteristic  of 
the  particular  molecular  species  undergoing  the  scattering  process,  in  its  initial  state 
of  excitation.  Therefore,  these  signals  correspond  to  species  densities  (with,  in  prin¬ 
ciple,  information  available  about  the  "population"  temperatures  corresponding  to  the 
initial  internal  mode  distribution). 

The  characteristic  difference  between  Raman  and  Rayleigh  scattering  can  be  seen  by 
examination  of  the  classical  explanation  for  these  processes.  The  electric  field  of  the 
exciting  laser  beam  distorts  the  electron  clouds  of  the  probed  molecules,  causing  induced 
oscillating  dipoles,  which  behave  such  that  the  induced  dipole  moments  in  the  molecules 
under  study  are  proportional  to  the  oscillating  electric  field  vector  E  of  the  incident 
laser  beam,  with  the  molecular  polarizability  a  as  the  proportionality  factor.  These 
induced  dipoles  radiate,  therefore,  according  to  the  product  of  the  internal  mode  molec¬ 
ular  frequencies  (from  a )  with  the  frequency  of  the  incident  laser  beam;  thus,  scattered 
signals  result  which  are  unshifted  from  the  laser  beam  frequency  (Rayleigh  scattering) 
together  with  signals  both  up-  and  down-shifted  from  this  central  frequency  by  amounts 
corresponding  to  the  various  molecular  internal  mode  frequencies  (rotational  and  vibra¬ 
tional  Raman  scattering,  where  shifts  to  lower  frequency  are  termed  Stokes  lines  or 
bands,  and  shifts  to  higher  frequency,  anti-Stokes  lines  or  bands).  (See  Figure  1.  The 
vibrational  Stokes  Q-branch  band,  shown  enlarged  in  the  inset  portions  of  this  figure 
at  ambient  and  elevated  temperatures  for  the  N-  molecule,  is  often  used  for  combustion 
measurements.  The  Q-branch  is  the  strongest  part  of  the  vibrational  Raman  scattering 
signature,  and  corresponds  to  the  sum  of  those  lines  for  which  the  vibrational  quantum 
number  changes  by  +1,  while  the  rotational  quantum  number  remains  unchanged.) 

In  addition  to  specific  responses  for  different  species,  R3  possesses  a  response 
linear  with  the  test  molecule  number  density  and  independent  of  other  species  present. 

The  response  is  effectively  instantaneous,  and  useful  data  can  be  obtained  for  source 
wide  range  of  species  that  can  be  probed  includes  homonuclear  molecules,  such  as  N2  and 
0,,  which  do  not  possess  infrared  spectra.  Remote  in  situ  probing  can  be  accomplished 
with  good  three-dimensional  spatial  resolution,  often  to  less  than  0.1  mm3. 

The  overriding  limitation  for  RS  diagnostics  is  the  weakness  of  the  scattered  sig¬ 
nal.  (See  Table  I.)  However,  a  wide  variety  of  combustion  flow  measurements  are  pos¬ 
sible  with  modern  high-sensitivity  detection  apparatus  and  energetic  pulsed  laser  sources 
(as  well  as  with  cw  laser  sources  with  suitable  time  domain  analysis)  [32).  In  apply¬ 
ing  RS  techniques  to  flames,  however,  it  is  necessary  to  be  aware  of  some  specific  limi¬ 
tations. 

Discrimination  of  the  various  types  of  molecules  present  by  RS  techniques  cannot 
always  be  easily  accomplished;  spectral  interferences  can  exist  and  make  less  definitive 
the  study  of  chemical  composition,  but  these  are  the  exception  rather  than  the  rule. 

For  example,  detection  of  CO  from  its  Stokes  vibrational  Raman  Q-branch  scattering  sig¬ 
nal  is  difficult  in  lean  hydrocarbon/air  flames  because  of  the  presence  of  excess  N,, 
which  possesses  an  overlapping  spectral  signature  [331.  .  (In  rich  hydrocarbon  flames, 
however,  Setchell  (34)  has  shown  that  sufficient  CO  is  present  to  permit  utilizing  these 
techniques.) 

Background  radiation,  either  induced  by  the  incident  laser  beam  (such  as  particle 
scattering  or  incandescence,  gas-phase  or  particulate  f luorescense,  scattering  from  test 


19-6 


cell  optical  interfaces,  etc.)  or  independent  of  the  beam  (such  as  detector  noise,  flame 
luminosity,  etc.)  can  cause  limitations  to  the  experimental  accuracy,  and  can,  in  severe 
circumstances,  prevent  useful  data  from  being  acquired  [6,331. 

Spatial  resolution  can  be  limited  by  its  trade-off  with  BS  signal  accuracy,  which 
is  related  to  the  number  of  detected  photons,  and  therefore,  to  the  incident  laser  beam 
pulse  energy.  This  pulse  energy  Q  has  an  upper  bound  imposed  by  causing  gas  breakdown 
perturbations  [351;  this  occurs  for  Q  *  Q*s  ,  where  Q*  is  the  energy  density  threshold 
for  breakdown  and  s  is  the  incident  beam  diameter.  Thus,  for  a  given  value  of  Q*,  Q  and 
s2  are  proportional.  The  value  of  0  is  related  to  the  number  of  detected  photons,  and 
thus  to  the  experimental  accuracy,  while  s2  is  a  measure  of  the  spatial  resolution  [331. 

3.3  Inelastic  Scattering  Methods;  CABS  and  Fluorescence.  CARS  icoherent  anti-Stokes 
Raman  spectroscopy)  is  a  nonlinear  scattering  process  possessing  great  signal  strength 
compared  with  spontaneous  vibrational  and  rotational  Raman  scattering  [6,361,  and  has 
developed  into  a  valuable  combustion  probe  since  its  introduction  by  Regnier  and  Taran  [37] 
in  1973.  This  technique  also  possesses  species  specificity,  as  can  be  seen  from  Figure  2. 
The  incident  beams  (pump,  j_,  and  Stokes  jg)  are  focused,  in  this  configuration,  nearly 
colinearly  within  the  probed  volume.  When  one  beam  is  tuned  so  that  the  frequency  dif¬ 
ference  between  the  beams  is  equal  to  a  Raman  shift  (v  =  0  -  v  =  1)  for  the  test  mole¬ 
cules,  a  third  beam  at  the  anti-Stokes  frequency,  of  intense  strength  is  produced 
along  the  same  line.  This  CARS  beam  is  shifted  to  the  blue  from  the  pump  beam  by  the 
Raman  shift  frequency,  producing  a  method  for  detecting  specific  molecules. 

Other  configurations  of  CARS  have  been  developed  that  free  the  CARS  process  from 
being  essentially  colinear;  this  relaxation  of  geometric  access  can  be  of  great  impor¬ 
tance  for  utilization  in  combustion  experiments  that  possess  limited  optical  viewing. 

Phase  matching  takes  place  in  these  modifications  with  the  incident  beams  being  brought 
together  from  different  directions.  Thus,  Eckbreth  [381  has  developed  a  two-frequency 
approach  termed  BOXCARS,  in  which  the  beams  are  brought  together  from  three  directions 
(one  for  the  Stokes  beam  and  two  for  the  pump)  in  such  a  fashion  that  the  wave-vectors 
of  the  incident  and  scattered  (anti-Stokes)  beams  form  a  boxlike  geometry.  Compaan  and 
Chandra  [39]  have  devised  a  counterpropagating  laser  beam  method  involving  three  incident 
frequencies  which  also  shows  good  promise. 

Another  innovation  of  importance  for  CARS  combustion  studies  is  the  utilization  of 
a  tunable  laser  pump  beam  [40],  so  that  temperature  can  be  determined  from  single  pulsed 
laser  shots  (i.e.,  from  the  CARS  contours  resulting  from  the  interaction  of  a  fixed  fre¬ 
quency  Stokes  beam  interacting  with  the  continuous  spectrum  pump  beam) . 

Since  fluorescence  is  based  upon  optical  absorption  by  the  test  molecules,  followed 
by  re-emission  (with  possible  redistribution  of  the  excited  state  population),  molecular 
species  are  distinguishable,  once  again,  from  the  unique  energy  level  structure  of  each 
molecular  species.  This  technique  has  been  undergoing  a  period  of  intense  development 
in  recent  years,  particularly  with  regard  to  application  for  low  density  species  measure¬ 
ments.  A  case  in  point,  of  considerable  interest  for  combustion  research,  is  the  detec¬ 
tion  of  the  OH  radical.  No  Raman  scattering  measurements  have  appeared,  although  a  cal¬ 
culation  of  Raman  line  intensities  for  OH  has  been  given  [41] .  (In  Figure  3,  we  show 
a  calculated  vibrational  RS  Spectrum  for  OH  as  a  function  of  temperature.  The  strongest 
part  of  OH  RS  scattering  occurs  at  a  shift  of  3500  to  3600  cm-1,  in  which  range  H,0  vapor 
RS  possesses  sufficient  spectral  intensity  to  cause  detection  problems  for  OH  in  the 
excess  H.O  concentrations  found  in  flames).  However,  a  large  number  of  investigations 
of  OH  laser-induced  fluorescence  in  flames  have  been  undertaken  [42-51]  which  promise 
to  provide  a  basis  for  developing  important  flame  radical  diagnostics.  Included  in  this 
work  is  the  study  of  saturation  effects  in  which  intense  laser  sources  are  used  to  popu¬ 
late  the  excited  states  sufficiently  that  freedom  (or  partial  freedom)  from  collisional 
quenching  effects  results. 

3.4  Application  of  Vibrational  Raman  Scattering  Techniques  to  Flame  Measurements.  A 
wide  variety  of  applications  of  RS  diagnostics  to  flame  research  now  exists;  these  are 
described  in  a  number  of  publications.  (See,  for  example,  Refs.  5,  6,  32,  33,  52-55.) 

In  Table  I,  we  have  detailed  the  major  approaches  taken  for  vibrational  RS  efforts  ac¬ 
cording  to  the  type  of  data  which  can  be  retrieved  (and  which  has  a  direct  correspondence 
to  the  type  of  laser  source  chosen)  [32].  These  data  are  divided  into  major  categories 
according  to  their  ability  to  provide  characteristic  information  concerning  basic  tur¬ 
bulent  combustion  properties,  viz.,  probability  density  functions  (pdf's),  frequency 
spectra,  and  spatial  gradient  data.  In  each  case,  we  consider  spatially  and  temporally 
well-resolved  data,  which  results  in  fluid  mechanic  and/or  flame  chemistry  information 

of  useful  accuracy  for  comparison  with  analyses. 

The  first  category  (short,  energetic,  low  rep  rate  laser  pulses)  corresponds  to  the 
work  performed  in  this  laboratory  [5,32,56-58]  for  which  pdf's  of  temperature  and  major 
composition  have  been  obtained,  as  well  as  veloci ty-temperature  correlations;  these  data 
will  be  described  in  more  detail  in  Sections  3.5  and  3.6.  Lederman  has  also  obtained 
pdf's  and  correlations  for  flames  [55,59].  Sochet,  et  al.  [601  have  found  spatial  gra¬ 
dients  in  a  flame  using  optical  multiple-spectral-channel  techniques,  which  promise  to 
open  a  new  era  in  combustion  diagnostics.  This  type  of  detection  is  illustrated  in  Fig¬ 
ure  4,  in  which  a  two-dimensional  array  of  very  small  detectors  is  used  for  both  wave¬ 
length  and  spatial  discrimination.  Black  and  Chang  [61]  have  used  similar  methods  and 
have  presented  time-averaged  results  which  demonstrated  the  feasibility  of  data  acquisi¬ 
tion  for  fluctuation  gradients  in  a  jet. 

The  second  category  in  the  inset  portion  of  Table  I  (long  strongly  energetic  laser 
pulses)  has  been  used  by  Pealat,  et  al.  [62]  to  produce  the  time  history  of  turbulence 
over  a  duration  of  roughly  300  us  in  an  H./O./N,  flame  produced  on  a  flat  flame  burner. 

The  flame  was  made  turbulent  by  a  cross  flow^of *cold  gas  from  a  small  horizontal  nozzle. 


The  third  category  lew  laser),  in  which  pdf's  are  produced  from  a  finite  sequence 
of  photon  count  moments,  is  generally  restricted  to  low  luminosity  flows.  In  this  area, 
spectral  density  data  have  been  obtained  by  Chabay,  et  al.  [631,  autocorrelation  func¬ 
tions  and  pdf's  by  Birch,  et  al.  [641,  and  pdf's  by  Penney,  et  al.  [651. 

We  have  discussed,  so  far,  point  or  spatial  gradient  measurements  in  categorizing 
vibrational  RS  data.  Another  area  of  importance  for  flame  diagnostics  is  that  of  two- 
dimensional  optical  imaging.  This  was  accomplished  by  Hartley  [661  before  the  era  of 
diode  detector  arrays  through  use  of  a  thin  sheet  of  frequency-doubled  ruby  laser  light, 
interference  filters,  an  image  intensifier,  and  a  photographic  plate.  Hartley  termed 
this  species  concentration  mapping  procedure  “Ramanography ."  This  method  has  been  extended 
by  Chang  and  co-workers  [671,  who  performed  two-dimensional  digitized  Raman  imaging  of 
jet  flows  with  spectral  filters  and  a  multiple-spectral-channel  detector.  Their  work 
produced  average  concentration  maps  for  an  8  mm  *  8  mm  x  100  -m  plane  using  an  argon  ion 
laser  source  and  multipass  cell  to  create  an  approximate  sheet  of  source  light.  These 
results  have  enabled  them  to  predict  that  a  frequency-doubled  ruby  laser  source  should 
be  able  to  produce  time-resolved  data,  and  thus  take  “snapshots"  of  flame  zones  in  species- 
specific  light. 

3 . 5  Measurements  of  Temperature  and  Concentration  Probability  Density  Functions  from 
VibraFTonal  Raman  Scattering  Data.  As  an  example  of  the  application  of  vibrational  PS 
techniques  to  flame  diagnostics,  we  discuss  here  some  recent  results,  reported  by  Drake, 
et  al.  [581,  Warshaw,  et  al.  [571,  and  Lapp  [51,  of  an  experimental  program  to  measure 
the  thermodynamic  and  flow  field  properties  of  an  H.-air  co-flowing  jet  turbulent  dif¬ 
fusion  flame.  The  most  recent  data  have  been  obtained  in  the  fan-induced  combustion  tunnel 
shown  in  Figure  5;  for  scale,  the  test  section  is  15  cm  x  15  cm  square  pipe,  and  the 
length  of  the  test  section  window  is  0.9m.  The  tunnel  is  movable  in  three  dimensions 

in  order  to  permit  the  use  of  fixed-bed  optics  —  a  highly  desirable  feature  for  locking 
together  and  fixing  the  test  zone  configurations  of  the  optical  probes  utilized. 

Raman  scattering  was  used  (in  the  fashion  indicated  in  first  category  of  the  inset 
portion  of  Table  I)  to  determine  the  temperature  from  the  Stokes/anti-Stokes  intensity 
ratio  for  N-,  and  the  concentrations  of  N,,  H_,  and  H.O  from  their  Stokes  signal  inten¬ 
sities  calibrated  against  standards.  A  poised  dye  laser  source  capable  of  producing 
1J  pulses  at  rep  rates  up  to  1  pulse/s  was  used  at  488  nm.  For  velocity  data,  cw  real 
fringe  laser  velocimetry  was  used  together  with  nominal  1 -urn-diameter  alumina  seed  [571. 

The  RS  data  [58]  have  been  presented  in  the  form  of  pdf’s,  and  are  shown  in  Figure  6 
at  various  radial  positions  for  an  axial  station  50  fuel-tip-diameters  (x/d-value)  down¬ 
stream  of  the  fuel  tip  for  a  50  m/s  stream  of  H-  flowing  into  a  10  m/s  air  stream,  to 
produce  a  cold  flow  Reynolds  number  Re  of  1500.  For  the  data  shown  in  Figure  7,  these 
velocities  were  each  increased  by  50%  to  produce  a  flow  ccf  responding  to  Re  3-2200.  We 
note  that  no  evidence  of  flow  intermittency  or  bimodal  temperature  pdf  is  seen  in  Fig¬ 
ure  6;  in  Figure  7,  however,  clear  evidence  of  intermittent  mixing  is  seen  in  the  pdf's. 

In  order  to  evaluate  these  data,  comparisons  were  made  of  simultaneously-acquired 
species/temperature  concentration  data  pairs  with  predictions  from  adiabatic  isobaric 
equilibrium  calculations  of  species  concentration  and  temperature  as  a  function  of  fuel/air 
equivalence  ratio.  (See  Figure  8.)  This  calculation  is  made  on  the  basis  that  a  tur¬ 
bulent  diffusion  flame  arises  from  burning  at  a  distribution  of  equivalence  ratios,  and 
that  it  can  be  considered  therefore  as  the  resultant  distribution  of  product-gas  equi¬ 
librium  mixtures.  Fast  chemistry  is  assumed,  radiative  cooling  is  neglected,  and  the 
Lewis  number  Le  is  set  equal  to  1.  Reasons  for  deviating  from  these  theoretical  compari¬ 
son  plots  include  statistical  data  scatter  and  possible  non- isothermal  test  zones  (since 
RS  signals  have  a  nonlinear  response  with  temperature  for  large  temperature  excursions) , 
in  addition  to  possible  violations  of  the  assumptions  just  given. 

Results  for  N2  [58]  for  x/d  *  75  and  150  are  shown  in  Figure  9.  Here  we  see  that 
the  N2  data  agree  reasonably  well  with  this  simple  theory  for  the  lean  portions  of  the 
flamef  while  consistent  deviations  of  slope  appear  in  the  rich  legs,  to  an  increasing 
degree  with  increasing  values  of  x/d.  Additional  data  for  N-  at  other  axial  positions, 
as  well  as  similar  data  taken  for  H^,  show  this  behavior  trend.  Experimental  data  ac¬ 
quired  across  the  entire  flame  diameter  confirm  analyses  according  to  the  simple  adiabatic 
theory  that  buoyancy  is  not  responsible  for  these  results.  We  have  not  been  able  to  ex¬ 
plain  these  deviations  by  other  considerations  involving  heat  transfer,  nor  have  we  been 
able  to  determine  systematic  errors  leading  to  this  behavior.  One  possible  suggestion 
currently  under  investigation  is  that  such  departures  may  be  caused  by  the  relative  ef¬ 
fects  of  heat  and  mass  transfer  (Le  ?  1). 

3.6  Conditioned  Sampling  Approaches;  Near-Simultaneous  RS  and  LV  Data,  and  Intermit¬ 
tent  Data  in  a  Hostile  Environment.  To  our  knowledge,  the  earliest  near-simultaneous 
RS  and  LV  data  were  obtained  by  Hillard  et  al.  [681  for  a  high  speed  free  jet,  in  which 
mean  values  (  1  min.  averages)  of  temperature  and  nitrogen  density  were  found  from  ro¬ 
tational  RS  in  an  experiment  coordinated  with  LV  measurements.  In  order  to  obtain  co¬ 
ordinated  fluctuation  data,  additional  experimental  control  is  required. 

As  an  example,  a  "velocity-preferred"  trigger  system  can  be  used  to  acquire  RS  and 
LV  data  in  close  time  proximity.  This  method  is  basically  a  conditioned  sampling  technique. 
In  Figure  10,  we  show  a  timing  diagram  which  illustrates  how  the  RS  source  laser  is  trig¬ 
gered  by  a  validation  pulse  from  the  LV  processor.  Thus,  after  a  valid  LV  signal  is 
accepted,  the  RS  signal  is  produced  at  a  desired  later  time,  nearly  simultaneous  from 
a  fluid  mechanic  point  of  view,  but  with  a  long  enough  delay  for  the  particle  producing 
the  LV  burst  signal  to  move  out  of  the  test  zone  before  the  energetic  RS  source  laser 
pulse  hits  it.  Utilizing  such  a  technique,  Warshaw  et  al.  [57]  obtained  temperature- 
velocity  correlation  data. 
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In  another  conditioned  sampling  experiment,  Drake  et  al.  [58!  made  a  preliminary 
assessment  of  the  possibility  of  probing  hydrocarbon  flames  with  pulsed  RS  methods. 

Premixed  laminar  propane-air  flames  with  equivalence  ratios  s  of  1  to  3  were  investigated 
on  a  porous  plug  burner.  In  one  set  of  experiments,  a  spectrometer  slit  function  was 
obtained  by  using  the  relatively  broad  high  temperature  N.  RS  signal  induced  by  the  pulsed 
laser  as  the  light  source  while  the  spectrometer  wavelength  drive  was  swept  slowly.  (See 
Figure  11).  For  a  stoich iometr ic  flame  (which  was  non-luminous) ,  a  well-determined  slit 
function  was  obtained.  For  a  fuel-rich  flame  (S  *  3),  much  of  the  data  obtained  corre¬ 
sponded  to  saturation  of  the  optical/electronic  detection  chain  (caused  by  strong  laser- 
induced  optical  signals),  but  was  obtained  over  an  apparent  envelope.  By  setting  the  elec¬ 
tronic  detection  apparatus  to  omit  all  signals  greater  than  an  amount  determined  to  be 
larger  than  any  possible  RS  signal,  the  cluttered  trace  shown  in  the  central  part  of  Fig¬ 
ure  11  was  transformed  to  that  shown  in  the  lower  trace  (i.e.,  an  approximation  of  the 
upper  trace).  This  result  of  conditioned  sampling  suggests  that  RS  data  was  observed  from 
a  non-luminous  flame  zone  under  conditions  for  which  a  laser-induced  luminous  zone  can 
oscillate  in  and  out  of  the  optical  detection  area.  The  result  of  the  sampling  procedure 
applied  to  the  central  part  of  this  figure  is  obvious;  the  important  point  is  the  demon¬ 
stration  that  this  technique  can  be  applied  to  obtain  valid  RS  data  in  hostile  environments. 

4.  DISCUSSION 

In  the  preceding  section,  we  have  outlined  some  of  the  capabilities  of  new  light¬ 
scattering  diagnostic  methods  for  flame  research,  with  some  emphasis  on  vibrational  Raman 
scattering  methods  applied  to  turbulent  diffusion  flames.  Although  still  in  its  infancy, 
these  techniques  are  clearly  past  the  basic  proof-of-principle  status.  They  are  now  in 
the  process  of  being  applied  to  significant  combustion/f luid  mechanic  problems  designed 
both  to  bring  new  fundamental  knowledge  to  this  field  by  means  of  well-designed  investi¬ 
gations  into  specific  critical  points  of  interest,  and  more  focused  experimental  investi¬ 
gations  into  questions  of  importance  to  engineering  studies. 

In  this  contribution,  we  have  concentrated  upon  the  more  basic  part  of  the  spectrum, 
and  summarize  in  Table  II  an  ordering  of  turbulent  flame  point  property  measurement  and 
prediction  capabilities.  The  table  is  formulated  to  illustrate  the  close  interaction 
required  of  modelers  and  experimentalists  in  order  to  achieve  the  technological  goals 
faced  by  combustion  researchers  and  combustor  designers.  With  this  in  mind,  we  separate 
the  physical  quantities  of  interest  into  three  categories  and  outline  in  the  table  the 
measurement  and  modeling  capabilities  and  needs. 

The  first  category  is  for  those  variables  that  can  be  classified  as  flow  field  prop¬ 
erties.  Here,  we  used  the  term  "flow  field"  loosely  so  that  flux  quantities  such  as 
pTuT,~mTuT,  T'uf  can  be  included  in  this  category.  The  second  grouping  contains  thermo¬ 
dynamic  properties  of  the  flow  field  only,  while  the  third  category  includes  any  trace 
species  found  in  the  combustion  flow  and  all  pollutants  found  in  the  burning  of  hydro¬ 
carbon  and  H2  fuels. 

The  table  is  divided  into  five  columns,  the  first  two  of  which  list  the  types  of 
measurements  and  the  physical  quantities  of  interest  that  can  be  measured.  Under  the 
second  column,  the  physical  quantities  to  be  measured  in  each  category  are  listed  in  in¬ 
creasing  order  of  difficulty.  Some  quantities  listed  do  not  represent  direct  measure¬ 
ments  but  are  inferred  from  other  measurements.  A  good  example  of  this  is  the  mixture 
density.  These  quantities  are  normally  put  at  the  bottom  of  the  list.  The  third  column 
deals  with  measurement  capabilities  and  is  subdivided  into  three  different  columns  under 
the  heading  of  "Proven  Technology,"  "Developing  Technology,"  and  "Difficult?"  Modeling 
capabilities  are  grouped  under  the  fourth  column  with  subcolumns  for  the  "Current  Approach" 
and  "Alternate  Approach."  It  should  be  pointed  out  that  the  difference  between  these 
two  approaches  is  mainly  in  the  model  used  to  tackle  the  chemistry  part  of  the  problem. 

As  for  the  fluid  mechanical  part  of  the  problem,  the  two  approaches  share  the  same  basic 
model.  A  detailed  discussion  concerning  the  fluid  mechanical  model  and  the  need  for  more 
advanced  measurements  is  given  below.  Finally,  column  five  is  reserved  for  comments 
which  are  directed  to  both  experimental  and  modeling  capabilities  and  needs. 

Although  the  first  four  items  under  the  first  category  can  be  measured  using  proven 
techniques  such  as  impact  probes  and  LV,  their  accurate  measurement  does  present  some 
difficulty.  (For  example,  LV  data  of  good  quality  for  quantities  such  as  v '  ,  w'^,  u 1 v' , 
v 'w1 ,  etc.,  are  difficult  to  obtain.  Additionally,  these  data  can  be  biased  by  seeding 
considerations;  as  a  result,  such  velocity  data  may  be  close  to  Favre-averaged  instead 
of  Reynolds-averaged.) 

For  simple  flows,  the  impact  probe  provides  a  way  to  measure  the  momentum  flux  pu  ; 
therefore,  an  independent  check  on  the  indirect  measurement  of  pTuT  can  be  made  provided 

the  term  p*u'  can  be  considered  small  compared  to  o  u ' ^  or  u  p'u ' .  These  four  items 
also  provide  basic  flame  data  for  the  validation  of  the  turbulence  model  used  in  the  two 

approaches  discussed.  The  measurements  of  T1  u ' ,  mju ' , . . . ,  not  only  add  new  insights 
into  the  understanding  of  the  combustion  processes1 in  diffusion  flames  but  also  provide 
data,  for  the  first  time,  to  assess  the  applicability  of  the  gradient  transport  model 
for  reactive  flow  study  (again  see  below  for  detailed  discussion). 

In  category  two,  the  various  moments  and  joint  moments  of  T  and  major  species  m. 
are  direct  measurements.  However,  the  pdf  of  these  quantities  are  inferred  measurements 
in  that  the  discrete  data  points  must  be  interpreted  in  the  form  of  a  histogram.  These 
measurements,  besides  providing  data  for  model  validation,  can  also  be  used  to  help  im¬ 
prove  existing  models.  Finally,  the  trace  species  and  pollutants  are  difficult  to  mea¬ 
sure.  Therefore,  their  use  as  validation  data  for  overall  flame  modeling  is  limited. 


Having  discussed  the  experimental  and  modeling  capabilities  and  needs  as  summarized 
in  Table  II,  we  would  like  to  make  an  attempt  to  point  out  some  of  the  more  difficult 
questions  faced  by  both  modelers  and  experimentalists.  To  dr,  this,  the  main  weakness 
of  the  two  approaches  outlined  in  Section  2  is  examined  in  more  detail.  Through,  this 
examination,  the  benefits  of  close  interaction  between  experimentalists  and  modelers  are 
revealed. 


It  was  pointed  out  in  Section  2  that  the  mam  weakness  of  the  two  approaches  lies 
in  the  turbulence  models  used  to  close  the  set  of  mean  transport  equations.  The  reason 
is  that  the  turbulence  models  used  are  similar  to  those  formulated  for  constant  density 
flows.  Although  these  models  work  very  well  for  a  wide  variety  of  constant  density  shear 
flows,  their  direct  application  to  reactive  shear  flows  is  in  doubt  [691.  Some  basic 
deficiencies  of  these  models  were  pointed  out  recently  by  Williams  and  Linby  [701.  Among 
the  basic  questions  raised  is  the  applicability  of  the  gradient  transport  assumption  for 

reactive  flows.  In  turbulent  flows,  flux  terms  such  as  .  u 1  u '  ,  m' j ’ ,  etc.  appear  in 
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the  mean  transport  equations  as  a  result  of  the  turbulent  fluctuations  and  the  non-1 l near i t y 
of  the  convection  terms.  Conventional  wisdom  in  nonreactive  flow  modeling  is  to  postulate 
a  relation  between  these  fluxes  and  the  mean  rates  of  strain  for  the  Reynolds  stresses 
and  the  gradient  of  the  mean  scalars  for  scalar  fluxes.  The  turbulent  exchange  coeffi¬ 
cients  in  these  relations  are  usually  assumed  to  be  scalar  quantities  whose  magnitudes 
can  be  determined  from  a  knowledge  of  the  turbulent  kinetic  energy  and  its  dissipation 
rate  [2,111.  This  assumption  gives  fairly  accurate  results  [2-4]  in  nonreactive  flow 
modeling  for  a  wide  range  of  engineering  problems  because  in  most  constant  density  tur¬ 
bulent  flows  the  fluxes  and  the  mean  rates  of  strain  behave  similarly.  However,  this 
is  not  necessarily  true  for  reactive  flows.  In  a  study  made  by  Clavin  and  Williams  [71 J, 
they  found  that  the  fluxes  change  sign  in  a  region  where  the  sign  of  the  mean  gradient 
remains  the  same.  Further  experimental  evidence  of  this  countergradient  diffusion  phe¬ 
nomenon  can  be  found  in  the  helium-air  mixing  experiment  of  Stanford  and  Libby  [ 7 2 1  and 
LaRue  and  Libby  [73].  In  view  of  this,  measurements  of  the  turbulent  fluxes  and  mean 
velocities  in  a  reactive  flow  would  be  most  helpful  in  the  pursuit  of  a  better  turbulence 
model  for  such  flows. 

As  indicated  in  Table  II,  the  fluxes  Z  u  ju  f  ,  Z  m|u^ ,  etc.  can  be  measured  in  a  sim¬ 
ple  flame  using  a  combination  of  LV  and  RS  optical  techniques.  In  the  process,  the  mean 
velocity  profiles  are  also  obtained.  Therefore,  the  present  experimental  technique  pro¬ 
vides,  for  the  first  time,  an  opportunity  to  assess  the  applicability  of  the  gradient 
transport  model  for  turbulent  reactive  flows. 


The  unity  turbulent  Lewis  number  assumption  is  usually  made  in  the  current  approach 
to  combustion  modeling.  Although  this  assumption  is  not  explicitly  stated  in  the  alternate 
approach,  it  is  implied  in  the  formulation  of  the  model  [21,27].  In  some  flows,  such 
as  in  gas  turbine  combustors,  reactions  and  significant  heat  release  are  confined  in  a 
small  region,  thereby  producing  very  large  spatial  gradients  for  the  thermodynamic  vari¬ 
ables.  Under  such  circumstances,  the  turbulent  Lewis  number  cannot  be  expected  to  be 
one.  The  understanding  of  the  effects  of  a  non-unity  turbulent  Lewis  number  on  combus¬ 
tion  modeling,  therefore,  becomes  important.  Ability  to  measure  the  various  turbulent 
fluxes,  p"  uTuT,  p  m ' u ' ,  in  a  diffusion  flame  affords  the  opportunity  to  assess  the  valid¬ 
ity  and  extent!  of  t!ie3unity  turbulent  Lewis  number  assumption  in  a  simple  reactive  shear 
flow.  It  is  hoped  that  based  on  this  understanding,  a  more  general  combustion  model  can 
be  formulated. 

In  principle,  the  alternate  approach  can  calculate  the  thermodynamic  variables  in 
a  combustion  system  with  improved  accuracy.  However,  in  practice,  its  ability  to  do 
that  depends  on  the  availability  and  reliability  of  rate  data,  kinetic  mechanisms  and 
an  efficient  computational  algorithm  for  the  solution  of  the  strongly  nonlinear  rate 
equations.  The  exact  calculation  of  thermodynamic  variables  is  not  always  possible  be¬ 
cause  of  the  lack  of  reliable  rate  data  and  kinetic  mechanisms  for  a  wide  range  of  fuels. 
Here  again,  the  ability  to  measure  the  single  and  joint  pdf  of  temperature  and  major 
species  in  a  simple  reactive  flow  would  provide  guidance  for  understanding  the  signifi¬ 
cant  flame  chemistry  to  be  considered  in  the  calculations. 

Another  point  raised  by  Williams  and  Libby  [70]  concerns  the  modeling  of  the  dis¬ 
sipation  terms  in  the  Reynolds  transport  equations.  Firstly,  the  off-diagonal  component 
of  the  dissipation  function  is  not  necessarily  negligible  in  reactive  flow.  Secondly, 
the  proposed  model  for  e  *  const,  x  p  k3^2/!,  where  t  is  the  dissipation  and  l  is  the  length 
scale  characteristic  of  the  large  eddies,  is  not  always  appropriate  for  reactive  flows. 

The  dissipation  terms,  even  in  non-reactive  turbulent  flows,  are  very  difficult  to 
measure  [10] .  Although  advances  in  hot  wire  anemometry  and  optical  probe  techniques  have 
made  the  measurement  of  the  spatial  gradients  (in  the  macro  sense)  of  velocity,  tempera¬ 
ture,  and  concentration  a  reality  [60,74],  the  measurement  of  the  spatial  gradient  terms 
in  a  region  where  dissipation  is  important  is  still  a  very  difficult  (but,  we  hope,  not 
an  impossible)  task.  As  a  result,  experimental  work  directed  to  overcome  this  difficulty 
would  be  most  helpful  to  modelers. 


From  the  above  discussion,  it  is  evident  that  a  strong  and  continued  interaction  be¬ 
tween  modelers  and  experimentalists  is  necessary,  as  has  begun  in  various  workshops  (for 
example,  Ref.  75),  conference  series  (for  example,  Ref.  76),  and  special  publications  (for 
example.  Ref.  77),  to  further  our  understanding  of  combustion  phenomena  and  to  improve 
the  capabilities  of  existing  combustion  models. 
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Table  I :  Information  Available  from  blast ic  and  Inelastic  Molecular  Light  Scattering  Processes  Concerning  Fluctuation 
_ _ Properties  of  Flames,  with  Additional  Detail  Shown  for  Data  Obtained  from  Vibrational  Raman  Scattering, 
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Difficult  Long , strongly  energetic  laser  pulses  (free-running  ruby,  intracavity  experiments 
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Figure  1.  Schematic  of  Rayleigh  and  N. 
Raman  Scattering  Spectra  at  Ambient  and 
Elevated  Temperatures.  The  N_  vibrational 
Q-branch  bands,  shown  in  the  Inset  dia¬ 
grams  on  a  linear  scale,  were  convoluted 
with  a  typical  experimental  spectrometer 
triangular-shape  spectral  slit  function 
used  for  contour  scans  with  laser  exci¬ 
tation  in  the  mid-visible,  namely,  6cm"1 
(0 . 18nm)  full  width  at  half -maximum. 


Figure  2.  Schematic  of  Coherent 
Anti-Stokes  Ramar.  Spectroscopy 
(CARS)  Process,  Shown  Here  in 
Nearly-Colinear  Optical  Con¬ 
figuration. 
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Figure  4.  Schematic  of  Multiple- 
Spectral-Channel  Detection  of 
Ramin  Data  from  a  Flame  Source. 
Used  in  this  fashion,  wavelength 
information  is  obtained  along  the 
detector  horizontal  axis,  and 
spatial  information  along  the 
vertical  axis.  Thus,  flame  temp¬ 
erature  and  major  species  concen¬ 
tration  data  can  be  obtained  along 
the  trajectory  of  the  incident 
laser  beam. 
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Figure  3.  Calculated  Vibrational  Raman 
Scattering  Spectral  Contours  for  OH 
Radical ,  for  486  n»  Laser  Source. 
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Figure  5.  Schematic  of  Fan-Induced  Movable 
Combustion  Tunnel,  Shown  Here  with  the 
Test  Section  (0.15m  x  0.15m  Square  Pipe 
with  0.9m  Viewing  Length)  Fully  Inserted 
in  the  x-Direction  [57,58].  Turbulent 
diffusion  flames  are  produced  on  a  central 
3-mn-diameter  fuel  tube. 
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Figure  6.  Probability  Density  Functions  (Histograms)  for  Temperature  and 
N-,  H2,  and  HO  Concentrations  for  H--Air  Turbulent  Diffusion  Flame,  for 
Re  -  *1500  (581.  These  data  were  tafcen  50  fuel-tip-diameters  downstream, 
at  the  centerline  and  at  various  off-axis  positions.  A  smooth  progression 
of  the  character  of  the  histograms  was  observed  as  y/d  was  increased;  i.e., 
flame  boundary  effects  were  not  prominent. 
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Figure  7.  Probability  Density  Functions  (Histograms)  for  Temperature  and 
N,<  H,,  and  H-0  Concentrations  for  Hj-Air  Turbulent  Diffusion  Flame,  for 
Re  *  2200  (58).  The  shaded  zones  in  the  temperature,  nitrogen  concentration 
and  water  concentration  histograms  for  y/d  -  4.25  correspond  to  the  same 
simultaneously-acquired  data  sets,  and  illustrate  intermittent  effects  at 
the  flame  boundary.  The  increase  in  turbulence  over  that  corresponding  to 
the  flame  considered  in  Fig.  8  caused  a  significant  decrease  in  flame  length 
and  a  greatly  broadened  temperature  histogram  at  the  flame  boundary. 
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Figure  9.  Comparison  of  Simultaneously-Acquired  N2 
Concentration  and  Temperature  Data  with  Theoretical 
Curve  Calculated  for  Adiabatic  Equilibrium  Flame 
Conditions  [58]  .  These  are  data  sets  similar  to 
those  contained  in  the  histograms  shown  in  Figures 
6  and  7,  but,  in  this  case,  for  x/d  =  75  and  150. 

The  stoichiometric  point  for  the  theoretical  curves, 
near  2400  K,  is  obscured  by  the  density  of  data  in 
this  region.  Flame  buoyancy  affects  the  experi¬ 
mental  data  by  causing  them  to  be  translated  along 
the  theoretical  curve  to  another  locus  of  fuel/air 
equivalence  ratj.o  points,  corresponding  to  the 
true  flame  position.  This  expectation  has  been 
confirmed  by  observations  of  data  for  both  posi¬ 
tive  and  negative  values  of  y/d. 


Figure  10.  Timing  Diagram  for  Near-Simulta- 
neous  Laser  Velocimetry  and  Raman  Scattering 
Data  Acquisition  [57].  The  LV  signal  is 
shown  both  raw  and  with  conditioning.  The 
laser  pulse  used  for  Raman  scattering  occurs 
after  an  adjustable  delay  following  valida¬ 
tion  of  the  velocity  data  in  the  LV  proces¬ 
sor.  This  delay  cun  be  set  to  allow  slow 
seed  particles  to  escape  from  the  test  volume. 


Figure  11.  Measurement  of  Spectrometer  Slit 
Function ,  for  Propane-Air  Flames  Correspond¬ 
ing  to  Fuel/Air  Equivalence  Ratios  f  of  1 
and  3.  For  the  middle  curve,  the  spikes 
resulted  from  strong  laser- induced  optical 
signals.  The  bottom  curve  has  been  treated 
by  conditioned  sampling.  The  spike  at  the 
right-hand  edge  is  a  User -induced  signal 
that  wss  not  suppressed  by  the  sampling 
threshold.  (SA) 
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DISCUSSION 


D  A  GreenhaJgh.  UK 

Does  not  your  conditioned  sampling  technique  unfairly  weight  PDF’s  towards  lean  areas  of  the  flame  passing 
through  your  control  volume  because  the  rich  portions  will  contain  higher  soot  densities1 

Author's  Reply 

Yes,  but  that  is  the  point  of  the  procedure.  We  are  attempting,  by  means  of  the  conditoned  sampling,  to  probe 
a  relatively  clean'  part  of  the  flame  (that  is.  lean)  under  circumstances  for  which  a  laser  induced  luminous  portion 
(that  is.  rich)  can  oscillate  in  and  out  of  the  control  volume 


G.AIessandretti.  it 

( 1 )  Do  you  need  the  inforamtion  on  temperature  to  obtain  your  measurements  of  water  and  hydrogen  concentra¬ 
tions? 

(2)  Could  you  please  comment  on  your  choice  of  the  Stokes/anti-Stokes  ratio  for  tnermometry.  instead  of  looking 
at  the  different  bands  in  the  Stokes  spectrum. 

Author’s  Reply 

(1 )  Yes.  Temperature  information  is  required  because  the  fractions  of  the  Raman  spectral  contours  for  the 
molecule  under  question  that  are  contained  within  their  respective  spectral  band  passes  of  the  polychromator. 
are  dependent  upon  temperature.  This  is  an  especially  important  consideration  for  molecules  such  as  ll2  and 
HjO,  which  possess  very  broad  Raman  contours.  Additionally,  the  total  vibrational  Raman  signal  (that  is. 
integrated  contour  area)  is  also  sensitive  to  the  temperature  at  flame  temperatures,  via  the  vibrational  partition 
function. 

(2)  We  utilised  the  Stokes/anti-Stokes  (SAS)  technique  for  temperature  measurement  because  it  produced  stronger 
signals  than  methods  based  on  analysis  of  the  Stokes  profile  alone,  and  because  it  was  well  suited  for  implemen¬ 
tation  with  an  available  polychromator  system.  However,  analysis  of  the  Stokes  contour  by  means  of  a 
multiple  spectral  channel  detector  possesses  some  advantages,  even  though  it  does  not  utilise  some  of  the 
scattered  light  (namely  the  anti-Stokes  scattering).  Calibrations  dependent  upon  the  temperature  sensitivity 

of  the  contours,  which  are  required  because  of  the  fixed  slit  widths  employed  in  the  SAS  method,  are  not 
necessary  with  the  multiple  spectral  channel  detector.  Furthermore,  the  Stokes  and  anti-Stokes  channels  of  the 
SAS  method  are  widely  separated  spectrally,  which  can  produce  additional  calibration  problems,  this  type  of 
difficulty  does  not  exist  over  the  relatively  narrow  spectral  extent  utilised  by  the  multiple  spectral  channel 
detector.  Also,  analysis  of  light  scattered  from  gases  not  in  thermal  equilibrium  is  made  possible  with  this 
scheme. 


A.Eckbreth,  US 

An  advantage  of  the  Stokes/anti-Stokes  approach  is  that  you  spectrally  integrate  over  the  Raman  band  and  thus 
maximise  your  photon  count  and  minimise  errors  due  to  photon  statistics.  One  problem  with  using  an  optical  multi¬ 
channel  detector  for  a  spontaneous  Raman  band  is  that  the  photon  count  pet  spectral  interval  would  be  quite  low 
and  hence  the  spectrum  quite  noisy.  Would  you  comment  on  that? 

Author’s  Reply 

I  agree  that  the  Stokes/anti-Stokes  (SAS)  vibrational  Raman  scattering  method  for  temperature  measurement  utilises 
to  the  fullest  extent  the  available  number  of  scattered  photons  and  therefore  minimises  statistical  errors.  For  this 
reason,  as  well  as  others  relating  to  experimental  convenience,  it  has  been  our  choice  for  our  turbulent  diffusion 
flame  measurements.  That  is  not  to  say  that  multiple  spectral  channel  detectors  do  not  possess  some  strong  advan¬ 
tages  for  such  use.  Most  importantly,  the  SAS  method  depends  upon  spectral  calibrations  of  the  two  channels, 
which  can  be  difficult  to  make  because  of  the  interaction  between  the  test  gas  temperature  sensitive  Raman  spectral 
contours  and  the  fixed  exit  slit  widths  of  the  polychromator  channels.  The  accuracy  limitations  due  to  lower 
photon  counts  with  use  of  the  multiple  spectral  channel  detector  are  certainly  present,  but  are  not  so  severe  as  to 
prevent  its  application.  Note  that  we  do  not  require  a  full  contour  analysis  to  determine  temperature  in  this  way. 
Instead,  sections  of  the  contour  (N2  ground  state  band  peak  region,  peak  region  for  the  first  upper  state  band,  etc.) 
can  be  integrated  to  give  temperature  sensitive  signals  of  useful  strength. 
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SUMMARY 

In  this  work  several  flame  temperature  measurements  are  described,  oerforr.ed  by  uslm  the 
two-line  atomic  fluorescence  method  (TLA?). 

Many  kinds  of  flames  were  investigated,  someone  of  that  were  comnletely  napoed.  This  was  ma¬ 
de  in  order  to  point  out  that,  also  with  a  thermal  light  source,  extensive  temperature  inve¬ 
stigations  can  be  carried  out. 

Even  if  it  seems  that  low  power  sources  allow  only  measurements  in  laboratory  steady  flames, 
the  low  cost  of  the  system  and  the  simplicity  of  the  data  processing  -onfirm  the  validity  of 
this  method. 


PREFACE 

Several  techniques  were  recently  proposed  and  developed  for  local  temperature  measurements 
by  means  of  fluorescence  and  Raman  siqnal  analysis  [1] , [2] , [3]  . 

High  spatial  resolution  and  short  time  of  operation  may  be  generally  obtained  in  this  way. 
Laser  sources  are  normally  employed,  because  of  the  low  cross  sections  exhibited  by  the  in¬ 
volved  phenomena. 

On  the  other  hand,  the  great  available  powers  '■I  low  the  investigation  of  a  great  part  of  the 
interesting  combustion  systems  and,  besides,  the  attainment  of  other  information,  like  spe¬ 
cies  concentration . 

Other  techniques  exist,  which  use  spectral  lamps  as  light  source;  the  line-reversal  method 
is  a  well  known  example  of  those.  In  this  case  only  averaged  measurements  are  possible,  from 
which,  under  particular  conditions  of  symmetry  and  homogeneity,  local  temperature  can  be  dra¬ 
wn  by  means  of  complex  mathematical  procedures.  Furthermore  a  thermal  equilibrium  is  reque¬ 
sted  over  the  whole  flame. 

The  two-line  atomic  fluorescence  method  (TLAF)  ,  proposed  some  years  ago  by  Omenetto  et  al.(4i, 
may  combine  the  different  characteristics  of  the  two  branches,  being  possible  to  use  a  lamp 
and  to  obtain  a  local  measurement. 

Successful  aoplications  were  made  [ S]  by  using  the  lock-in  amplifier,  in  hyurogen  and  acety¬ 
lene  laboratory  flames. 

Being  a  general  result  the  weakness  of  the  fluorescence  signal  in  comparison  of  the  back¬ 
ground  noise,  the  photon-counting  technique  with  synchronous  background  subtraction  was  also 
used  [6l  . 

As  it  will  be  shown  further,  this  kind  of  siqnal  processing  allows  to  improve  the  SNR  by  in¬ 
creasing  the  measuring  times. 

In  the  present  work  several  flames  are  investigated  and  a  general  conclusion  may  be  drawn: 
when  a  lamp  is  used,  the  measuring  times  are,  for  many  important  flames,  too  much  long. 

Hence,  in  actual  combustion  systems,  difficulties  arise,  which  may  not  be  easily  solved. 
Otherwise  if  a  source  with  higher  energy  (i.e.  a  laser)  becomes  necessary,  other  techniques 
are  preferable  ,  being,  for  istance,  not  suffering  of  quenching  effects. 


GENERAL 

The  theoretical  basis  of  TLAF  are  well  known  and  diffusely  explained  In  several  works  [7], 
[8]  ,  [9]  ,  hence  only  a  brief  description  is  here  reported. 

The  flame  is  seeded  with  atoms  of  convenient  material  having  a  three  level  atomic  scheme  in 
which  the  transition  01,  in  radiative  way,  is  inhibited  (fig.  1).  A  light  beam  of  wavelenght 
corresponding  to  the  transition  02  is  sent  on  the  flame  and  the  outcoming  radiation,  caused 
by  the  2—1  fluorescence  decay,  is  detected  (Stokes  line)  .  The  sa-e  procedure  is  repeated  in 
the  opposite  direction  (anti-Stokes  line)  . 

It  is  obvious  that,  when  the  exciting  source  and  the  fluorescence  intensities  are  measured, 
we  have  an  information  on  the  electronic  population  of  the  levels  and  hence,  through  the 
Boltzmann  law,  on  the  electronic  temperature. 

The  foundamental  formula,  giving  the  flame  temperature  as  a  function  of  the  measured  fluo¬ 
rescence  intensities,  is: 

Tf ' 

where:  Eg;  -  spectral  irradiance  of  the  exciting  source  at  X,* 

EW  «  spectral  irradiance  of  the  exciting  source  at  XM 
Fj,  -  spectral  Irradiance  of  the  Stokes  fluorescence 
F20  *  spectral  irradiance  of  the  anti-Stokes  fluorescence 
V,  »  excitation  energy  of  the  level  1 
k  ■  Boltzmann  constant. 

The  relationship  (1)  may  be  assumed  valid  in  thermal  equilibrium  and  without  self-absorp¬ 
tion,  when  Fj,  ,  Fj0  are  measured  in  digital  way,  while  E14  ,  E0,  are  measured  in  analog  way. 
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A  great  importance  has.  of  course,  the  choice  of  the  seeding  atoms.  Thallium  and  Indium 
show  good  performances [9  ]  in  concentration  of  100  -  5'0  ppm. 

From  the  above  formula  we  can  see  that  the  error  of  the  flame  temperature  is  depending 
from  two  quantities,  that  is  the  error  related  to  the  measure  of  the  incident  radiations 
and  that  related  to  the  fluorescence  measure.  Either  these  two  are,  in  their  turn,  influ¬ 
enced  by  the  calibration  function  of  the  system,  which  has  to  be  evaluated  very  carefully. 
As  far  as  the  measure  of  the  fluorescence  signal  is  concerned,  which  is  in  practice  the 
only  random  error,  some  further  considerations  may  be  done  [l  01  .  when  the  fluorescence  si¬ 
gnal  is  detected,  we  have  the  super imposition  of  different  kinds  of  radiations  at  the  sa¬ 
me  wavelength  corresponding  to:  a)  the  Stokes  (or  anti-Stokes)  transition ,  b)  the  oackgro- 
und  luminosity  of  the  flame,  c)  the  spontaneous  decay  of  the  seeding  atoms.  Only  the  first 
term  is  the  useful  signal,  the  others  resulting  only  in  a  background  noise.  A  parameter  is 
defined  when  the  photon  counting  method  is  used: 


K  -  "s  /  <VV  (2) 

where  Ng  is  the  signal  counting  rate,  the  total  counting  rate. 

When  a  photon  counting  technique  with  synchronous  backround  subtraction  is  used,  a  light 
chopper  drives  the  up-down  scaler.  As  a  consequence,  during  the  up  phase  Ns+Njj  is  measured, 
while  during  the  down  phase  only  N)-,  is  measured.  The  resulting  SNR  may  be  written; 

S/N  =  C  '/t  (3) 

where  :  C  =  /  ^  •  Ng 

and  r  is  the  counting  time. 


Obviously,  all  the  given  quantities  are  valid  for  either  the  Stokes  and  anti-Stokes  measu¬ 
rements,  and  the  total  SNR  is  given  by 


Practical  relationships  were  found  which  may  be  used  to  establish  the  more  convenient  coun¬ 
ting  time  for  a  prefixed  temperature  precision.  In  particular,  when  the  SNR  is  deduced 
from  the  following  equation,  plotted  in  Fig. 2, 
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the  corresponding  counting  times  are  given  by 

R+1  (S/N)*Tot 

t2,  =  R - Hs — 

Cj  1 


T20 


(R+1  )-(S/N)  Tot 
a 

C2  & 


(5) 


(6) 


where  R  =  C2  0/C2 1 . 


In  this  way,  under  favourable  experimental  conditions  (long  term  flame  stability) ,  it  is  pos¬ 
sible  to  reach  noticeable  precision,  of  the  order  of  le9s  then  1%  . 

Otherwise  at  first  glance  we  see  that  a  high  precision  in  the  flame  temperature  requires  long 
counting  times,  being  the  anti-Stokes  signal  generally  very  low.  In  effect,  in  flames  with 
a  strong  background  noise,  the  involved  times  are  of  the  order  of  some  minutes. 

As  a  consequence,  the  TLAF  applications  may  give  good  results  in  laboratory  flames,  owing  to 
their  simple  structure  and  stability. 


EXPERIMENTAL 

The  system  under  test  was  the  flames  produced  by  a  30  mm.  multi-hole  circular  burner,  of 
the  type  developed  at  the  Fysisch  Laboratorium  Rijksuniversiteit,  Utrecht,  The  Netherlands 
(fig.  3)  .  The  burner  structure  allows  to  have  an  inner  flame  (*^20  mm.)  and  a  shield  flame, 
supplied  by  two  separated  lines. 

The  flame  had  high  characteristics  in  stability,  uniformity  and  reproducibility.  The  optical 
set-up  consisted  in  an  usual  90”  arrangement  (fig.  4)  .  The  light  source  (OSRAM  high  pres¬ 
sure  Xenon  lamp  250  W,  supplied  by  a  IREM  E2X20P  electronic  power  supply) ,  was  placed  in  a 
home-made  housing,  furnishing  a  good  position  control  and  high  collection  efficiency.  The 
trasmittlng  optics  was  set  in  order  to  have  narrow  beam  in  the  chopper  zone,  to  minimize  the 
loss  of  energy  and  to  easily  correct  the  probe  volume  position.  A  heat  absorbing  glass  was 
used  to  avoid  a  superheating  of  the  color  filter,  wich  select  the  useful  wavelengths.  At  the 
end  of  the  trasmittlng  line,  a  spherical  mirror  was  placed  to  increase  the  luminous  energy  in 
the  measuring  zone. 

The  receiving  optics  furnished  a  lil  magnification  on  the  entrance  of  MONO  1. 

The  resulting  probe  volume  was  1x1. 5x3  mm. 

The  fluorescence  signal  was  detected  by  means  of  the  MONO  1  monochromator  (HILGER  t  WATTS 
D330)  and  an  EMI  photomultiplier  (EMI  9863  QB/140),  housed  In  a  suitable  Peltier-effect  coo¬ 
ler  (EM1-GENC0M  mod.  ZD-50).  This  detection  device  was  characterized  by  a  very  low  dark 
pulses  rate  (100-150  pulses/sec) . 

A  continous  test  of  the  lamp  emission  was  made  by  drawing  a  portion  of  the  emitted  light  with 
the  monochromator  MONO  2  (JOBEN  YVON  H20)  and  the  associated  PM  2  (RCA  1P28)  . 


The  corr isponding  signal  was  recorded  on  a  strip  chart  (YOKOGAWA  F  TYPE  3052)  .  This  was 
made  because  a  previous  check  showed  that,  in  long  times  experiments,  the  intensities  of  the 
two  lines  of  interest  (5350  A,  3776  A)  changed  in  different  ways,  giving  a  considerable  drift 
in  the  ratio  E,,/E.j  . 

The  signal  processing  (fig.  5)  was  performed  by  amplification  and  shaping  of  the  photomulti¬ 
plier  pulses.  The  d.c.  off-set  of  the  amplifier  is  often  controlled  to  avoid  dangerous  oscil^ 
lations  around  the  discriminator  threshold.  The  squared  pulses  are  at  last  sent  to  the  up- 
down  scaler  (LABEN  6318,  with  display  expanded  to  8  digits). 

All  the  flames  were  seeded  by  Thallium  solutions  injected  in  the  flame  by  means  of  pneuma¬ 
tic  nebulization .  The  T1  concentration  was  mantained  at  500  ppm  for  each  kind  of  flame. 


RESULTS 

Several  kinds  of  flames  were  investigated,  with  different  flow  rates  and,  in  some  cases, 
in  the  shielded  and  unshielded  configurations.  In  the  shielded  flames,  only  the  inner  part 
was  seeded;  these  particularly  convenient  conditions  suggested  to  perform  line-reversal  te¬ 
sting  comparisons. 

Four  different  H2/02/Ar  flames  were  completely  mapped,  being  the  features  of  these  very  fa¬ 
vourable  for  TLAF  applications.  The  maps  consist  in  six  radial  profiles  at  different  heights 
(step  5  mm),  starting  5  mm  above  the  head  of  the  burner. 

In  fig.  6  is  reported  the  map  of  the  flame  obtained  with  flow  rates  H2  =  1/02=1/Ar=6  lt/min 
(nominal  flows) .  An  expected  increasing  of  the  temperature  is  present  in  the  external  part 
of  the  flame;  in  effect,  being  the  flame  rich,  a  secondary  reaction  is  produced  with  the  sur¬ 
rounding  air. 

A  significant  flattening  of  the  profiles  is  caused  by  the  shield  flame  (fig.  7)  (same  flow 
rates  of  the  inner  f lame) ,  where  the  dotted  line  is  referred  to  the  mixing  zone  and  to  the 
shield  flame,  in  which  the  seeding  atoms  concentration  is  due  only  to  the  diffusion  from  the 
inner.  In  both  these  cases  the  factor  K  (see  eq.  2)  was  very  high  (.9  and  .3  for  Stokes 
and  anti-Stokes  respectively) ,  as  a  consequence  the  measuring  times,  for  each  point,  were  of 
the  order  of  a  few  seconds.  The  temperatures  were  in  good  agreement  with  the  values  furni¬ 
shed  by  the  line  reversal  test. 

In  fig.  8  and  9  are  shown  the  profiles  associated  to  the  same  flames,  but  with  flow  rates  of 
H2  =  1/02  =2/Ar=6  lt/min.  Now  the  temperatures  are  increased  and  the  maximum-  occours  on  the 
axis  of  the  burner;  this  i3  a  consequence  of  the  quasi-stoichiometric  ratio  between  02  and  H2 
The  effect  of  the  shield  flame  is  the  same  than  in  the  previous  case. 

The  fig.  10  and  11  are  referred  to  air-acetylene  flames  (air=7 ,5/C2H2=0 .5  lt/min).  For  these 
the  background  radiation  is  very  high,  especially  for  the  anti-Stokes  line.  Hence,  to  obtain 
a  reasonable  SNR,  counting  times  of  minutes  were  requested  (about  1  and  4  minutes  for  Stokes 
and  anti-Stokes  lines) .  Also  in  this  case,  a  comparison  with  line-reversal  temperature  gave 
good  results. 

A  slight  enhancement  is  obtained  in  a  similar  flame  (fig.  12),  produced  by  an  02/Ar  mixture 
(flow  rates  C2H2“0 .4/02=1/Ar=7  lt/min)  .  A  reduction  of  the  quenching  effect  may  explain 
the  different  behaviour  of  the  two  flames,  concerning  to  the  fluorescence  emission. 

At  last  an  air-propane  flame  (air=6/C2H2 =0 . 2  lt/min)  was  investigated  (fig.  13).  In  practice 
no  significant  differences  were  noticed  with  respect  to  the  air-acetylene  flames,  having  in 
both  cases  a  generai  deterioration  of  the  signal  and  long  measuring  times. 


CONCLUSIONS 

The  investigations  described  in  this  work,  show  that  the  TLAF  applications  may  give  relia¬ 
ble  results  in  a  great  number  of  laboratory  flame. 

Even  when  a  thermal  source  is  used,  and  the  available  signals  are  very  low,  the  photon-coun¬ 
ting  allows  satisfactory  precision  measurements.  On  the  other  hand  long  measuring  times  are 
involved,  so  that  only  long  term  stability  flames  may  be  successfully  investigated. 

Hence,  applications  on  industrial  burner  cannot  be  reasonably  proposable,  and  if,  to  increase 
the  signals,  a  laser  source  is  adopted,  other  techniques  exist,  showing  attractive  performan¬ 
ces. 

Finally,  special  applications  like  calibration  in  laboratory  flames  of  other  thermometric 
techniques  and  basic  combustion  researches  seems  to  be  the  only  possible  fields  In  which  the 
TLAF  method  can  be  conveniently  used. 
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Fig.  3  -  Design  of  the  multi-hole  circular  head  of  the  burner 


The  electronic  equipment  used  to  perform  the  experiments. 


Fig.  10  -  Temperature  prof 
the  unshielded  f 
air=  7.5  C2 H2= 


Fig.  11  -  Temperature  profile  f 
the  shielded  flame: 
air=  7.5  C2H2=  0.5  1 
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Summary 


This  paper  presents  a  summary  of  the  application  of  laser  based 
optical  techniques  to  the  diagnostics  of  combustion  problems. 

The  emphasis  of  this  work  has  been  on  the  determl na 1 1  on  of  tem¬ 
perature  and  species  concentrations  in  a  combusting  environment. 
The  application  of  these  techniques  has  centered  on  laminar 
flames,  turbulent  flames,  pa  rti  cul  ate-1  aden  flows,  and  Internal 
combustion  engines.  In  all  of  this  work  the  constraints  of 
spatial  and  temporal  resolution  have  been  achieved  as  well  as 
the  detection  of  Intermediate  species  In  certain  laboratory 
experiments . 


Introduction 

The  challenge  of  providing  the  detailed  Information  necessary  to  understand  combus¬ 
tion  devices  requires  experimental  capabilities  across  a  broad  spectrum  of  environments. 
Prior  to  the  clean  air  act  of  the  1960's  and  the  Arab  oil  crisis  of  the  1  97  0  *  s ,  the  only 
Information  required  by  designers  of  combustion  systems  was  an  overall  measure  of  gross 
performance  and  very  little  sophistication  In  experimental  methods  was  required.  Today, 
however,  with  acceptable  performance  depending  intimately  on  the  many  subprocesses  in¬ 
volved  in  the  combustion  device,  the  experimental  methods  must  be  capable  of  resolving 
(with  space  and  time  resolution)  details  which  have  not  previously  been  attainable  with 
standard  methods.  Fortunately,  some  entirely  new,  sensitive  methods  have  been  developed 
and  certain  older  techniques  have  been  Improved  to  the  point  that  they  can  now  be  applied 
to  some  of  these  critical  problems. 

At  the  Department  of  Energy's  Sandla  Laboratories  In  Livermore,  California,  a  major 
new  program  has  been  developed  to  provide  the  experimental  methods  necessary  for  these 
severe  combustion  problems.  To  provide  a  focus  for  such  a  development,  the  Combustion 
Research  Facility  has  been  established  at  Sandla  Laboratories  and  will  be  operational  in 
late  1980.  The  primary  mission  of  the  Combustion  Research  Facility  Is  to  develop  advanced 
diagnostic  techniques,  improve  existing  ones,  and  apply  them  to  critical  problems  in  com¬ 
bustion  science  over  a  broad  spectrum  of  applications. 

To  accomplish  the  breadth  of  research  goals  dictated  by  design  problems  in  combustion 
science  requires  a  spectrum  of  research  capabilities  with  an  emphasis  on  the  more  sophis¬ 
ticated  diagnostic  techniques.  To  this  end,  in  this  paper,  we  will  address  the  required 
diagnostic  capabilities  for  laminar  flames,  turbulent  flames,  particle  laden  flames,  and 
ultimately  for  the  more  severe  environments  characteristic  of  actual  combustion  devices. 

As  shown  on  Table  I,  research  activities  are  underway  at  Sandia  Laboratories  to  develop, 
apply,  and  evaluate  measurement  techniques  for  velocity,  number  density,  temperature, 
and  species  concentrations  In  a  variety  of  systems.  This  paper,  however,  will  concentrate 
primarily  on  those  techniques  which  have  been  developed  to  measure  temperature  and  species 
concentration  and  will  limit  those  to  laser-based  diagnostics. 


)1 1  cation  to  Laminar  Flames 


A  number  of  programs  are  being  pursued  In  fundamental  flame  research.  These  studies 
provide  a  basis  for  understanding  the  isolated  fluid  mechanic  and  chemical  kinetic 
processes  that  are  important  to  combustion.  These  simple  flames  also  provide  test  beds 
for  developing  diagnostic  tools.  Temperature  measurements  in  our  laminar  flame  studies 
have  been  carried  out  primarily  by  the  application  of  spontaneous  Raman  scattering. 
Recently  Mitchell  and  Schoenung'  at  Sandla  made  a  careful  comparison  of  the  measurements 
of  temperature  obtained  by  thermocouples  and  by  spontaneous  Raman  scattering  using  the 
Q-branch  spectrum  of  nitrogen.  Their  results  demonstrate  that  the  degree  of  accuracy 
that  can  be  provided  with  these  laser-based  scattering  methods  Is  excellent.  Even  more 
recently  Stephenson?  has  measured  temperature  in  this  type  of  flame  by  using  the  complex 
spectrum  of  COg.  The  calculated  and  measured  CO2  spectrum  Is  shown  in  Fig.  1  and  in 
some  cases  can  provide  an  even  more  accurate  measure  of  temperature  than  the  simple 
nitrogen  vibrational  Q-branch  spectrum.  Figure  1  also  Illustrates  the  degree  to  which 
one  can  match  computed  spectra  to  measured  spectra  for  complex  molecules  like  CO?, 
Stephenson  has  done  similar  calculations  and  measurements  for  the  nonlinear  water  molecule 
as  shown  In  Fig.  Z.  Smith3  has  used  Rayleigh  scattering  In  an  atmospheric  pressure  dif¬ 
fusion  flame  to  deduce  temperature  profiles  with  high  temporal  resolution.  The  signifi¬ 
cantly  larger  cross-section  for  Rayleigh  scattering  allowed  sufficiently  fast  measurement 
to  resolve  fluctuating  elements  of  the  laminar  diffusion  flame  under  study.  Yet  another 
method  of  obtaining  temperatures  In  these  flames  has  been  pursued  by  Cattollca*  who  has 
used  two-line  molecular  fluorescence  to  obtain  the  temperature  of  OH  In  reacting  flows. 

*fhls  work  supported  by  U.S.  Department  of  Energy  under  Contract  DE-AC04-76DP00789. 
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Finally,  Mattern,  Rahn,  and  Farrow  nave  demonstrated  an  improved  method  of  applying  cars 
to  reacting  flows  for  temperature  measurements . 

In  a  chemically  reacting  environment,  measurements  of  the  gas  temperature  and  the 
concen tra t i on s  of  various  species  cannot  always  be  accomplished  independent  of  each  other. 
Invoking  the  assumption  of  local  t hermodynami c  equilibrium  (LTE)  allows  the  measurement 
of  temperatures  without  an  explicit  measurement  of  species  concen t ra t  i  on s  .  The  temperature 
can  then  be  determined  from  the  shape  of  the  spectrum  and  does  not  require  absolute 
measurements.  Concentration  mea s uremen t s ,  on  the  other  hand,  typically  require  absolute 
measurement  unless  only  relative  concentrations  are  desired.  In  many  cases  the  measure¬ 
ment  of  concen tra t i on  may  also  require  independent  determination  of  the  temperature  since 
temperature  does  effect  the  spectral  shape  and,  depending  on  which  portion  of  the 
spectrum  is  being  detected  for  concentration  measurement,  this  temperature  effect  must 
be  considered.  By  carefully  choosing  the  detection  bandpass  and  spectral  location,  how¬ 
ever,  this  temperature  effect  can  often  be  reduced  to  negligible  values. 

Several  examples  of  optical  concentration  measurement  have  been  performed  in  our 
program.  As  discussed  above,  Stephenson  has  been  using  Raman  scattering  to  measure  the 
temperature  and  relative  concentration  of  complex  combustion  molecules  such  as  CO2  and 
water  vapor.  Similarly  Miller  and  Setchell®  have  demonstrated  that  spontaneous  Raman 
scattering  can  be  used  to  measure  concentrati ons  of  nitric  oxide  in  ammon i a -0 xygen  flames 
where  the  NO  concen tra t i on  varied  from  0.1  to  It  of  the  ambient  atmospheric  mixture. 

Figure  3  shows  typical  relative  concentrations  of  nitric  oxide  plotted  as  a  function  of 
local  temperature  for  the  ammonia  oxygen  flame.  The  results  clearly  demonstrated  a  super¬ 
equilibrium  concentration  of  nitric  oxide  existed  in  the  system. 

A  method  of  obtaining  total  atomic  abundances  in  a  reacting  flow  has  been  pursued 
by  Schmieder'  who  showed  that  by  using  laser  pulses  of  sufficiently  high  power  it  is 
possible  to  cause  a  complete  avalanche  breakdown  of  combusting  gases,  dissociating  all 
the  molecules  and  producing  a  small  volume  of  very  hot  plasma.  Spectroscopic  analysis 
of  the  emission  from  this  spark  shows  characteristic  atomic  and  ionic  lines  whose 
intensities  are  related  to  the  atomic  abundances.  Figure  4  shows  the  results  of  applying 
this  technique  to  the  measurement  of  the  constituents  of  the  fuel-air  distribution  in  a 
methane-air  flame.  The  abundances  of  nitrogen  and  oxygen  from  the  air  and  carbon  from 
the  methane  fuel  are  clearly  resolved  as  a  function  of  position  in  the  flame. 

Most  of  the  techniques  discussed  above  have  clearly  been  shown  to  be  useful  for  the 
measurements  of  major  species  In  reacting  flows.  A  more  challenging  problem,  and  one 
which  is  of  critical  importance  to  the  combustion  scientist,  is  the  measurement  of  minor 
and  intermediate  species  (such  as  radicals)  in  these  flows  while  still  maintaining  the 
sub-millimeter  spatial  resolution  that  will  permit  measurements  within  the  flame  front. 

To  achieve  these  measurements,  laser  fluorescence,  laser  absorption,  and  background 
subtraction  CARS  has  been  successfully  applied  to  simple  flames.  Using  the  frequency- 
doubled  radiation  from  a  tunable  dye  laser  Cattollca  has  explored  the  spatial  variation 
of  the  Intermediate,  OH,  in  methane-air  flat  flames.8  Figure  5  shows  typical  results  of 
the  OH  concentration  in  the  post-flame  region  obtained  by  laser  absorption.  Cattolica 
has  also  used  laser  induced  fluorescence  of  OH  as  an  alternate  diagnostic  for  the 
measurement  of  its  concentration. 

Because  of  the  spatial  resolution  constraints  imposed  by  a  flame  at  atmospheric 
pressure  (a  very  narrow  reaction  zone).  Green®  has  pursued  detailed  studies  of  flame 
structure  in  a  low  pressure  flat  flame  utilizing  laser  absorption.  Figure  6  shows 
typical  absorption  spectra  of  the  NH?  radical  as  measured  in  a  low-pressure  ammonia  flame 
using  a  cw  tunable  dye  laser.  Finally,  Rahn  has  extended  the  CARS  technique  to  the 
precise  measurement  of  flame  species  by  developing  a  polarization  technique8  which 
eliminates  the  nonresonant  background  and  greatly  increases  the  detection  capability 
(signal/noise)  of  conventional  CARS.  Recently,  Farrow10  has  made  a  crossed-beam  version 
of  polarization  CARS  which  results  in  high  spatial  resolution  and  detection  sensitivity. 
Figure  7  shows  a  spatially  resolved  spectra  of  CO  from  the  highly  luminous  region  of  a 
premixed  methane-air  flame.  The  ability  to  detect  and  precisely  measure  this  species  in 
such  a  hostile  environment  is  a  major  step  forward  in  the  application  of  nonlinear 
optical  spectroscopy  to  combustion  studies. 

Application  to  Turbulent  Diffusion  Flames 

An  Important  project  which  has  been  pursued  at  Sandia  Laboratories  is  the  measure¬ 
ment  fluctuating  parameters  in  a  wel 1 -characterized  turbulent  reacting  flow  field.  To 
this  end,  the  turbulent  diffusion  flame  facility,  shown  in  Fig.  8,  has  been  developed, 
and  diagnostic  techniques  for  measuring  fluid  velocity,  temperature,  and  species  con¬ 
centration  within  the  flame  have  been  demonstrated.  The  present  goal  of  the  investigation 
is  to  obtain  the  cross-correlation  of  fluctuations  of  velocity  and  density  and  the  cross¬ 
correlations  of  velocity  and  temperature  within  a  confined  round  turbulent  reacting  jet. 
Figure  9  shows  results  obtained  by  Rambach11  et.  al.  utilizing  laser  Doppler  velocimetry 
to  measure  the  flow-field  velocity  characteristics  of  that  flame.  Both  the  mean  and 
fluctuating  values  of  the  velocity  are  plotted  on  the  figure.  Rambach  is  now  using  a 
two-dimensional  LDV  system  to  measure  autocorrelations  of  velocity  fluctuations  in  two 
directions.  In  a  parallel  effort,  Dibble’2  et.  al.  have  utilized  Rayleigh  scattering  to 
measure  temperature  fluctuations  In  a  round  turbulent  diffusion  jet.  Figure  10  shows 
measured  probability  distribution  functions  (pdf)  of  temperature  in  the  flame  and  also 
show  the  mean  and  fluctuating  values  of  temperature  as  a  function  of  radial  position 
in  the  flame.  The  application  of  Rayleigh  scattering  to  measure  temperature  profiles 


In  this  combustion  system  required  a  special  fuel  mixture  of  methane  and  hydrogen  which 
produced  a  constant  value  of  Rayleigh  scattering  cross-sections  for  the  fuel,  the 
oxidizer,  and  the  combustion  products.  This  allows  the  Rayleigh  scattering  signal  to 
be  related  directly  to  density  without  any  concern  for  variations  in  the  Rayleigh  cross- 
section  for  different  combustion  species.  Dibble  Is  currently  using  a  high  powered  dye 
laser  to  obtain  time-resolved  Raman  measurements  of  both  temperature  and  species  con¬ 
centration  In  the  turbulent  diffusion  flame. 

Applications  to  Particle-Laden  Flows 

In  a  separate  but  Intimately  related  project,  Wang  and  Flower13  are  developing  tech¬ 
niques  which  can  be  utilized  in  particle-laden  flow  fields.  These  studies  are  directed 
toward  the  measurement  of  temperature,  species  concentration,  and  particulate  number 
density  in  flow  fields  characterl Stic  of  gases  existing  In  coal-fired  combustors  and  gas 
turoine  systems.  The  bulk  of  this  activity  to  date  has  dealt  with  particle  sizing  methods 
Recent  results  by  Flower,  utilizing  background  subtraction  techniques  with  spontaneous 
Raman  scattering,  have  successfully  demonstrated  that  spontaneous  Raman  scattering  can 
be  applied  In  some  cases  to  measure  species  concentrations  In  the  presence  of  relatively 
high  densities  of  particulates.  Some  of  the  nonlinear  optical  techniques  being  Investi¬ 
gated  and  developed  by  Rahn  and  Farrow  also  look  very  promising  for  application  to  these 
particulate-laden  flowfields. 

Two  important  facilities  are  being  constructed  at  our  laboratory  to  aid  in  the 
further  development  of  these  diagnostic  techniques  in  particulate-laden  flows.  The 
first,  the  atmospheric  pressure  combustor  exhaust  simulator  facility  (ACES)  has  been 
built  and  is  operational.  The  particulate  sizing  methods  of  Wang  and  the  background 
subtraction  Raman  scattering  system  of  Flower  are  presently  being  adapted  to  this  facility 
A  new  facility  is  the  pressurized  atmosphere  combustor  exhaust  simulator  (PACES),  which 
is  capable  of  providing  2  lbs/sec  of  air  flow  at  10  atmospheres  of  pressure  and  will  be 
installed  in  the  new  Combustion  Research  Facility.  Both  of  these  facilities  will  be 
utilized  for  further  development  of  diagnostics  pertinent  to  “dirty"  flows. 

Application  to  Internal  Combustion  Engines 

The  role  of  Sandla  Laboratories  In  the  DOE  engine  combustlor  technology  program  has 
been  to  apply  laser-based  diagnostic  techniques  to  the  study  of  critical  problems  In 
advanced  I.c.  engine  concepts.  Specifically,  the  studies  have  been  directed  toward  in¬ 
vestigating  the  problems  which  arise  In  OISC,  d 1 rec t- 1 n jec ted  stratified  charge;  DHC , 
dilute  homogeneous  charge;  and  diesel  engines.  A  simplified  version  of  these  systems  Is 
the  high  pressure  combustion  bomb  which  has  been  used  by  Dyer  to  study  a  variety  of 
diagnostic  methods  for  application  to  the  combustion  processes  within  I.c.  engines.  Flow 
visualization  techniques  have  been  used  to  Investigate  sprays  and  mixing  patterns  as  well 
as  flame  spread  patterns  in  i.c.  engine-like  environments.  Laser  velocimetry  has  been 
utilized  to  measure  the  velocity  field  with  and  without  combustion.  Rayleigh  scattering 
has  been  applied  to  the  measurement  of  density,  temperature,  flame  speed,  and  flame 
structure  in  the  combustion  bomb.  More  recently  Mle  scattering  and  extinction  techniques 
nave- Been  used  to  measure  particulate  size  and  number  density  for  highly  sooting  situa¬ 
tions  in  the  combustion  bomb.'4 


Laser  Doppler  velocimetry  (LDV)  has  been  used'5  to  map  velocity  fields,  Including 
mean  values  and  turbulent  fluctuating  values  within  homogeneous  and  direct-injected 
stratified  charge  engines.  Wltze'6  has  compared  LDV  and  hot-wire  anemometry.  The 
results  provide  the  first  step  In  model  validation  for  two-dimensional  computational 
techniques  which  are  being  used  for  the  prediction  of  combustion  processes  inside  this 
class  of  engine.  In  order  to  understand  the  more  Intimate  details  of  fuel  injection  and 
mixing,  Johnston1'  has  applied  cw  spontaneous  Raman  scattering  to  measure  the  fuel-air 
distribution  Inside  an  operating  version  of  this  engine.  The  first  series  of  measurements 
were  directed  toward  mapping  the  space  and  time  resolved  values  of  the  fuel-air  distribu¬ 
tion  during  and  after  the  Injection  process  in  the  highly  swirling  environment  that  had 
been  mapped  by  Wltze.  Typical  results  of  the  fuel-air  distributions  compared  to  flow 
visualization  results  are  shown  in  Figure  12.  Regions  of  lean  mixture  were  observed 
which  would  not  ignite  and  this  was  further  verified  by  dynamometer  tests  using  the  same 
engine.  More  recently  this  technique  has  been  applied  to  the  measurement  of  the  fuel-air 
distribution  in  the  gap  of  a  spark  plug  Inserted  in  these  engi nes 6  The  goal  of  this 
experiment  was  to  determine  the  1 nf 1 ammabl 1 1 ty  limits  of  fuel-air  mixtures  inside  engines 
and  to  deduce  any  time-dependent  or  transient  effects  which  might  influence  that  in¬ 
flammability  limit.  Figure  13  shows  a  typical  plot  of  the  ignition  probabilities  com¬ 
pared  to  measurements  of  local  equivalence  ratio  by  Raman  scattering  in  that  engine. 

In  a  parallel  experiment.  Smith19  has  used  a  high  powered  laser  pulse  to  obtain 
temperature  measurements  with  spontaneous  Raman  scattering  from  another  operating  version 
of  the  engine  studied  by  Johnston  and  Wltze.  Spatial  and  temporal  temperature  measure¬ 
ments  were  obtained  along  with  the  probability  distribution  function.  Currently, 

Johnston  and  Rahn  are  attempting  to  apply  the  cross-beam  polarization  background  sub¬ 
traction  CARS  technique  to  measure  species  concentrations  In  these  strati fled-charge 
engines. 
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Cone  1  us  to ns. 

The  major  experimental  emphasis  of  the  Sandia  Laboratories  combustion  program  has 
been  on  the  continued  development  of  new  diagnostic  techniques,  primarily  those  utilizing 
laser-based  spectroscopy,  where  many  of  the  constraints  of  time  and  space  resolution  can 
be  achieved  and  the  demands  for  intermediate  species  detection  in  pa r 1 1 c ul a te- 1  a  den 
flows  can  be  satisfied.  This  technology  is  clearly  no  longer  in  the  infant  state  as 
existed  in  the  early  1970's.  Major  advances  in  laser  technology,  optical  detection  and 
processing,  computer  availability,  and  the  application  of  these  elements  to  combustion- 
oriented  problems  has  created  a  unique  opportunity  for  sc  1  en t i f 1 c -eng  i  neer  i  ng  studies. 

We  believe  it  is  timely  to  tackle  the  complicated  problems  facing  combustion  system 
designers.  It  is  also  our  intention  that  the  techniques  and  research  capabilities 
pursued  and  developed  at  the  Combustion  Research  Facility  be  made  available  to  outside 
users  from  government,  university,  and  industrial  laboratories. 
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Raman  measurements  relative  concentration  of  N?  and  NO  In  an  ammoni a -oxygen 
flame  plotted  as  a  function  of  local  temperature. 


FueJ/alr  measurement*  In  a  methane  flame  Inferred  from  atomic  abundances 
obtained  from  spark  spectrographs  created  Kith  a  focused  CO;  laser. 
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Figure  5:  Laser  absorption  measurements  of  hydroxyl  radical  concentrations  In  the  post¬ 
flame  region  of  an  atmospheric  pressure  methane/air  flame. 


Figure  6:  The  normalized  spectrel  absorption  coefficient  for  NH^  In  a  NH3/O2  flame. 
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Figure  7:  CARS  spectrum  of  CO  and  Ng  1°  *  rich  methane-air  flame.  A  crossed-beam 
configuration  and  background  subtraction  were  used. 


Figure  8:  The  Sandla  Turbulent  Diffusion  Flame  Facility. 
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Figure  9:  Successive  frames  of  high  speed  shadowgraph  movies  of  reacting,  turbulent, 
hydrogen-air  diffusion  flame.  Velocity  ratio  *  4.02,  Re  «  1850,  Jet 
dla.  *  4.6  mm,  each  frame  has  superimposed  visible  flame  boundary,  (a) 
radial  profiles  of  RMS  velocity,  (b)  pdf's  and  radial  profiles  of 
turbulence  Intensity,  { c )  radial  profiles  of  mean  velocity. 
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DISCUSSION 


G.Winterfeld,  Ge 

What  measuring  technique  has  been  used  for  the  determination  of  the  equivalence  ratio  in  the  fuel  jet  injected  into 
the  swirling  flow  inside  the  reciprocating  engine  cylinder"' 

Author's  Reply 

The  way  that  s  done  is  with  the  Raman  scattering  With  spontaneous  Raman  scattering  one  can  look  at  the  propane 
and  the  oxygen,  and  from  that  one  can  establish  the  equivalence  ratio 


G.Winterfeld.  Ge 

In  the  investigation  of  the  methane-air  diffusion  flame,  sparks  are  used  to  trigger  the  measuring  events  Do  these 
sparks  produce  disturbances  of  the  processes  to  be  investigated"’ 

Author's  Reply 

In  that  particular  instance  they  didn't,  but  in  fact  one  can  contrive  an  experiment  where  they  do.  In  fact,  if  one  is 
not  careful,  by  making  a  spark  one  can  blow  out  the  whole  flame.  So  yes.  it  is  not  a  technique  we  wish  to  advertise 
very  strongly,  it's  just  to  show  the  variety  of  things  that  one  can  think  of. 


JS.  Lewis.  UK 

The  measurement  of  equivalence  ratio  using  Raman  scattering  was  carried  out  with  propane  fuel  which  was  fully 
vaporised.  What  would  be  the  influence  of  liquid  droplets  on  such  a  measurement? 


Author's  Reply 

I  can’t  answer  that  for  you. 
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SUMMARY. 

The  possibility  of  droplet  size  measurements  in  a  flame  of  liquid  fuel  sprays  by  means 
of  the  visibility  method  was  already  proved  by  some  authsrs.  This  method,  based  on  the 
clasaical  LDV  optical  system,  makes  it  is  possible  to  extract  size  information  from  the 
visibility  of  the  scattered  signal  generated  by  a  single  droplet  crossing  the  probe 
volume . 

The  purposes  of  this  paper  are:  1)  to  present  basic  principles  and  numerical  results 
of  the  theoretical  model  based  on  Mie  scattering;  2)  to  present  results  obtained  by 
experimental  tests  performed  on  liquid  fuel  sprays  under  burning  conditions;  3)  to  discuss 
the  reliability  and  the  limits  of  this  method,  its  sensitivity  and  an  impreved  data 
processing  procedure. 

1.  INTRODUCTION. 

It  has  been  shown  by  many  authors  (1)  (2)  (3)  (4)  that,  by  means  of  laser  interferome¬ 

try  it  is  possible,  among  the  other  things,  to  obtain  sizing  of  moving  particles,  some 
conditions  being  satisfied  (f.e.  spherical  particles,  refractive  index  constant  and 
known,  particle  concentration  not  too  high,  etc.). 

More  specifically  these  tecniques  are  mainly  based  on  the  introduction  of  a  nondimen- 
sional  parameter  called  visibility,  wich  can  be  defined  starting  from  the  Intensity 
modulation  of  the  radiation  scattered  by  a  particle  moving  in  the  crossing  region. (probe 
volume)  of  two  laser  beams. 

Referring  to  fig.  1  it  is  well  known  that  visibility  can  be  defined  as: 

V.  ■  *&««.. --I?.1 2 _  .  _2_  (1) 

Imax  ♦  I  min  p 

The  ability  of  visibility  V  to  be  employed  in  particle  sizing  comes  from  the  fact  that 
it  depends  on  the  particle  diameter  D,  that  is: 


V  -  V (D ,  other  parameters)  (2) 


The  relation  of  eq.  2  between  visibility  and  diameter  can  be  obtained  in  general  by 
means  of  Mie  scattering  theory  as  in  the  present  case. 

As  a  principle,  it  is  then  possible  to  associate  a  visibility  (or  a  visibility 
distribution)  to  a  diameter  (or  to  a  diameter  distribution) . 

Beside  the  diameter,  the  other  parameters  in  the  visibility  function  of  eq.  2  are(flg. 
1)1  . 

-  the  wavelenght  A  of  incident  light 

-  the  refractive  index  a  of  the  particle 

-  the  poeltlon  of  the  collecting  ayetem  (deflnad  by  aeans  of  Y  and  ^  fig.  1) 

-  the  angle  between  beaaa  yj 

-  the  aperture  angle  of  the  collecting  system, O. 

Visibility  tecnlque  seem*  to  be  very  actractive  -for  particle  sizing  axpecially  becauae 
it  la  not  lntruaive  and  allowing  In  situ  aeaaureaentsi  moreover  no  calibration  la  requl» 
red  . 

Also  froa  an  experimental  point  of  view  It  la  aaalar  to  aeaaura  nondlaenaional  signala 
rather  than  absolute  values  (for  example  intensity  of  radiation)  as  required  by  other 
tecniques  (5)  (6) . 

Moreover  there  are  aeny  problems,  both  theoretical  and  experimental ,  to  be  solved  if 
relyabXa  results  must  ba  obtained. 

First  of  all  It  is  necaflsary  to  detect  the  experimental  arrangaaanta  most  suitable  for 
the  spray  characteristics  (In  connection  f.  e.  with  the  range  of  diameters,  refractive 
index  of  the  particle,  accessibility  of  tha  system). 

Moreover  the  relation  batwsen  visibility  and  diameter  is  not  an  unlvocal  one  and  it 
is  necessary  to  arrange  tecniques  able  to  aolva  the  ambiguity. 

In  the  experiments  it  is  very  important  to  find  procedures  able  to  minimise  errors 
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of  visibility  twcniqu*  for  particle  sizing  in  not  iiothartal  sprays. 

2.  AMBIGUITY  RESOLUTION. 

rig*  2  shows  ths  characteristic  behaviour  of  a  visibility  VS.  disaster  (V  -  D) 
diagram . 

It  can  be  observed  that  the  V  -  D  relation  is  not  of  the  one  to  onatypa,  that  is  the 
same  value  of  visibility  can  lead  to  different  values  of  the  disaster. 

From  the  point  of  view  of  the  interpretation  of  the  experiaental  results  this 
represents  a  rather  troublesome  problea,  also  if  it  is  possible  to  overcoae  it,  at  least 
in  principle,  by  changing  the  V  -  D  curve,  to  obtain  other  inforastions  able  to  solve 
the  aabiguity. 

In  many  cases  what  is  of  interest  is  not  the  diameter  of  a  single  particle,  but  a 
diameter  distribution  function  f(D);  this  means  that  with  an  assigned  V  -  D  curve 
experimentally  a  visibility  distribution  function  g(V)  of  the  type  of  fig.  3  is 
obtained . 

The  g(V)  function  is  of  course  the  starting  point  to  obtain  the  required  diameter 
distribution  function  f (D) . 

An  iterative  procedure  can  be  used  to  find  f (D)  from  g{V),  if  some  information  about 
f (D)  are  known  (mainly  the  type  of  function  as  a  ros in-rammler  distribution  f.e.). 

The  followed  procedure  is:  . 

-  a  temptative  diameter  distribution  function ^ is  assigned 

-  on  the  basis  of  the  V  -  D  function  used  a  visibility  distribution  function  ^ViCVji* 

calculated  ® 

-  the  experimental  g(v)  13  compared  with  the  calculated  one  e 

-  if  the  agreement  between  g(V)  and <V.(v)i s  not  good  enough,  another  temptat ive  y.  (. VI 

is  assigned  ** 

-  the  interative  procedure  ends  when  the  agreement  between  g (V)  and<V(v)is  congide. ed 
adeguate. 

A  lot  of  numerical  tests  have  been  performed  to  control  the  ability  of  the  method 
to  give  an  univolcal  answer  to  the  problem  (11). 

To  compare  g(V)  and^(V)  some  acceptability  criteria  have  been  assigned. 

The  following  parameters  are  here  analyzed:  -r  rr 

-  the  absolute  value  A  of  the  difference  between  the  mean  visibilities  V  andVJj.  , 
defined  as: 


A=|v-Vt|=||vt(v)cjv-/vtt(v)<Jv| 


(3) 


'O  '0 

*  the  abeoVute  value  (1  »  1...N)  of  the  difference  of  the  visibility  distribution 

functions  g(V)  end  ti<v>  thet  is: 


n  values  V  of  the  visibility. 
erencles&H  defined  as: 


(4) 


in  correspondence  of  N  chose 
-  the  mean  value  of  these  diff 

c  *  ^ 

*•*“ FT“  (5> 

The  calculated  visibility  distribution  function <V^(V)l s  accepted  if  ^  ,  the  maximum 

and  ^  are  less  than  some  prefixed  values.  *  . 

Here  a  rosin  xammler  type  distribution  function  has  been  employed  for  ti  (&)ln  the 
iterative  procedure.  ' 

Extensive  numerical  tests  have  been  performed  to  control  the  stability  of  the  method  by 
changing  the-£(<i)function  (that  is  to  analyze  If  a  small  change  in  the  shape  of  Jr 
function  can  lead  to  large  changes  in  the  results)  (11). 

Numerical  analysis  has  shown  that  a  good  stability  can  be  achieved  end  the  ambiguity 
problem  overcome. 

In  particular  very  good  results  have  been  obtained  in  the  determination  of  the  mean 
diameter  of  the  distribution. 

As  an  example  of  numerical  test  it  is  represented  in  fig.  4  a  distribution  function 
obtained  by  using  this  procedure. 

Curve  A  represents  the  real  distribution  function  f(D)  while  curve  B  represents  the 
obtained  one 

The  real  distribution  f  (D)  is  a  parabola  and  the  tsnmptative  funetion£ft)a  ros  ln-rammler 
one. 

In  fig.  S  the  visibility  distribution  function  of  curves  A  and  B  of  fig.  4  are  shown, 
while  fig.  6  represents  the  behaviour  of  the  parameter  Sn  ®*  a  function  of  the  mean 
diameter  of -^(^distribution  . 

3.  RESULTS  IN  COMBUSTION. 

The  experimental  teste  have  been  performed  in  an  industrial  furnace  (mass  flow  rate 
of  fuel  40  kg/hr)  to  control  the  possibility  of  e  prectlcel  use  of  the  method. 

The  experimental  set  up  is  shown  in  fig.  7. 

The  combustion  chamber  is  whltnout  heat  axchanga  at  tha  walls  has  an  inner  diameter 
of  .8  m,  an  inntr  langht  of  1.0  a,  and  it  is  sgulppad  with  optical  windows  to  allow 
optical  maasuramants. 
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A  forward  acattaring  configuration  ha*  baan  employed  to  allow  accas s lb  1 1 1 ty  and  also 

to  obtain  an  optical  configuration  suitable  in  the  caae  of  large  particle*. 

The  visibility  VS.  dlaaeter  curve  related  to  this  configuration  is  represented  in 
fig.  2. 

An  argon  Ion  laser  with  488  Nm  wavelenght  and  at  200  mw  power  has  been  used. 

The  crossing  angle  of  the  beaas  can  be  changed  by  naans  of  a  ccntinuos  beaa  splitter 

without  modification  of  the  geometry  of  the  system;  also  the  iris  aperture  of  the 
collecting  lens  can  be  changed  to  modify  the  collecting  solid  angle. 

The  output  signal  of  the  multiplier  has  been  amplified  and  divided  in  two  lines. 

The  band  pass  filtered  signal  has  been  sended  to  the  burst  counter  for  velocity 
measurements#  while  the  non  filtered  one  is  connected  with  the  oscilloscope. 

The  filtered  signal  has  also  been  used  to  trigger  the  scope. 

in  this  way  only  the  D.C  signals  with  non  zero  modulation  have  been  visualized  ar.d 
stored . 

Diameter  distribution  measurements  have  been  made  in  correspondence  of  points  A#  C# 

E  of  fig.  7;  also  mean  velocities  have  been  measured  here  mainly  to  control  the  signals. 

Diameter  distribution  functions  were  calculated  by  means  of  the  iterative  tecnlque 
previously  shown#  starting  from  the  experimental  visibility  distribution  functions. 

The  tenmptative  distribution  f unction 4*  (6)  adopted  is: 


where : 

n  -  characteristic  exponent 
Initial  value 


value 


kfciAX  >  mam  value 

As  an  exapple  the  experimental  visibility  distribution  function  obtained  in  point  A 
6 f  fig.  7  is  reported  in  fig.  8. 

The  deduced  diameter  distribution  is  reported  in  fig.  9;  here  also  the  distributions 
corresponding  to  point  C  and  E  are  represented. 

in  conditions  of  combustion  A  reliability  control  has  been  performed  by  seeding  the 
flame  with  alumina  particles. 

The  visibility  of  the  seeding  particles  in  the  optical  configuration  here  employed 
was  ranging  between  .6  and  1. 

The  visibility  distribution  function  in  the  case  od  the  flame  seeded  with  alumina 
was  measured;  f.  e.  fig.  10  shows  the  results  in  the  case  od  point  A  of  fig.  7. 

Distribution  of  fig.  10  should  be  compared  with  that  of  fig.  8;  it  is  possible  to 
observe  that  the  addition  of  alumina  changes  the  distribution  function  introducing 
values  of  V  different  from  zero  also  in  the  .8-1  interval. 

This  seems  to  mean  that  the  visibility  measurement  system  is  basically  correct  also 
in  the  case  of  combustion. 

Table  I  summarize  the  experimental  conditions  of  the  tests.  £ 

It  results  from  table  I  that  the  probe  volume  is  of  the  order  of  about  10  mm  ;  it 
is  mainly  determined  by  accessibility  reasons  connected  with  the  geometry  of  the  optical 
wi ndows . 

In  the  case  of  a  probe  volume  of  ShcW  a  dimension  it  is  easy  to  ^btain  a  single 
Particle  scattering  signal  with  particle  concentrations  till  to  10* Wi. 

In  any  case#  single  particle  signals  were  obtained  whitout  problems  here. 

It  is  note  worthy  that  with  more  suitable  orptical  configurations  it  Is  possible  to 
work  with  higher  particle  concentrations  (of  the  order  of lo'Vrf). 

From  an  experimental  point  of  view#  to  obtain  a  precise  measurement  of  the  visibility 
it  is  necessary  to  be  able  to  select  the  signals#  to  accept  only  those  coming  from  the 
central  region  of  the  probe  volume#  as  required  from  the  theoretical  model. 

In  the  case  of  large  probe  volumes#  as  here#  the  probability  of  receiving  signals  not 
coming  from  the  center  of  the  probe  volume  increases  and  also  from  this  point  of  view 
some  validation  criteria  should  be  introduced# 

For  the  acceptability  of  the  signal  the  following  criteria  have  been  here  adopted: 

-  Gaussian  shape 

-  definite  number  of  fringes 

-  limited  range  of  doppler  frequency 

-  continuos  high  frequency  modulation  whitout  change  of  phase 

-  not  ambiguous  resolution  of  the  signal  from  the  background  D.C.  level. 

In  a  luminous  flame  the  background  radiation  masktthe  lower  signals  increasing  the 
difficulties  of  correctly  evaluating  the  pedestal  amplitude#  and  than  preventing  an 
accurate  evaluation  of  the  visibility. 

In  the  present  case#  to  eliminate  as  much  ea  possible  this  disturbance,  an  interferan* 
tlal  optical  filter  cantered  at  the  laser  wavelenght  wee  placed  in  front  of  the  P.M.. 

In  large  flame  it  la  also  necessary  to  take  into  account  the  large  gradients  of 
refractive  index#  caused  by  temperature  gradients#  which  lead  to  a  deflection  of  the 

laser  beams. 

Ae  a  consequence  large  drop-out  in  the  photo  detector  signals  ers  observed. 

In  connexion  with  this#  it  could  be  observed  that  the  reliability  teat  performed  with 
alumina  seeding  have  shown  that  refractive  index  gradiente  do  not  oeuse  large  dletorslons 
in  the  doppler  signal. 


4.  COMMENTS  AMD  CONCLUSION. 

Visibility  tecnique  foe  particle  siting  seems  to  be  able  to  be  applied  In  the  field 
of  combustion,  also  If  the  bad  environaental  conditions  sale  a  reliable  data  atqn  altlcr. 
difficult. 

From  the  theoretical  point  of  view,  nueerlcal  analysis  based  on  Mlc  scattering  allows 
to  choose  the  goat  suitable  experimental  configurations;  also  the  ambiguity  In  the 
correspondence  between  visibility  and  diaaeter  can  be  overcome  by  means  of  the  Iterative 
tecnique  of  sec  .2. 

To  obtain  this  results  it  Is  necessary  to  have  some  sort  of  an  "a  priori"  knowledge 
of  the  diameter  distribution  function,  f.e.  the  number  of  mawirna  of  f(D)  to  be  able  to 
choose  an  suitable  for  the  iteration. 

This  does  not  seem  to  be  a  strong  limitation  at  least  in  the  case  of  conventional 
nozzle  generated  sprays,  because  in  this  case  the  main  features  of  the  distribution  are 
in  general  known. 

The  main  advantages  of  visibility  are  connected  with  the  fact  that  this  tecnique  is 
not  intrusive,  it  allows  in  situ  measurements  and  does  not  require  a  calibration. 

The  refractive  index  of  the  particle  must  be  known,  but  it  is  note  worthy  that  it 
is  possible  to  find  optical  configurations  in  wlch  visibility  is  very  weakly  dependent 
on  the  refractive  index.  (5)  (6) 

Moreover,  a  very  high  spatial  resolution  can  be  obtained  and,  at  the  same  time  of 
particle  size,  also  velocity  and  concentration  can  be  obtained  if  necessary. 

On  the  other  hand  many  problems  arise  in  the  practical  use  of  the  tecnique,  wlch  can 
limit  rather  strongly  the  applicability  of  the  method  in  some  circumstances. 

Firsto  of  all,  in  an  hostile  environment  as  an  industrial  flame,  the  signal  to  noise 
ratio  is  reduced  and  reliability  and  accuracy  of  the  method  deteriorate. 

Moreover,  the  necessity  of  a  single  particle  scattered  signal  on  the  P.M.  requires  a 
not  too  high  particle  concentration  or  the  use  of  rather  sophisticated  experimental 
arrangements,  difficult  to  be  applied  f.e.  in  the  case  of  combustion. 

In  many  cases  the  application  of  the  validation  criteria  to  control  that  the  doppler 
signal  can  be  used  in  connection  with  the  theoretical  model  is  rather  intricate  and  the 
a ccumi 1 a t i on  of  enough  data  to  have  a  good  statistics  is  time  consuming,  because  of  the 
very  large  number  of  measurements  necessary  to  obtain  a  reliable  visibility  distribution. 

The  application  of  validation  criteria  is  also  difficult  to  be  automatized,  and  a 
visual  control  is  in  many  cases  required  to  avoid  very  complicated  data  acquisition 
systems . 

From  the  point  of  view  of  diameters  to  be  measured,  it  is  possible  to  extend  the 
range  till  to  about  10  V"-  ,  .  _  ... 

The  upper  limit  depends  on  the  geometrical  configuration  of  the  system  and  mainly 
on  the  dimension  of  the  probe  volume. 

Also  at  the  side  of  small  diamters  problems  can  arise  because  of  the  low  amplitude 
of  the  scattered  signal  when  compared  to  background  radiation,  expecially  in  the  case 
of  combustion. 

Concerning  the  precision  of  the'.tecnique  it  is  mainly  connected  with  accuracy  both 
in  visibility  measurements  and  in  passage  from  visibility  to  diameter. 

Accuracy  of  measurements  can  be  critical  in  the  case  of  small  particles  because  of 
the  background  radiation  masking  the  low  amplitude  signals. 

The  vlslblllty-dlamter  passage  take  place  through  the  visibility  VS. diameter  curve. 

In  the  regions  were  the  v-D  diagram  is  flat  small  errors  in  V  lead  to  rather  large 
errors  in  D. 

Also  if  the  v-0  curve  is  very  Irregular  (with  a  lot  of  oscillations  f.e.),  problems 
in  accuracy  can  arise. 

Another  source  of  imprecision  comas  from  the  fact  that  in  general  the  temptative 
diameter  distribution  functions-#,  (b)  are  only  approximations  of  the  real  one  f(D). 

In  conclusion,  however,  also  if  a  lot  of  problems  can  be  found  in  its  application, 
visibility  tecnique  for  particle  sizing  in  combustion  seems  to  be  a  promising  one, 
taking  also  into  account  the  great  difficulties  of  all  the  available  experimental 
tecnlques  in  such  a  bad  environment. 
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TABLE — l_:  pinaitcrf  of  the  optical  geometry. 


Laser  power 

Laser  wavelength 

Beaa  cross  angle 

fringe  spacing 

Collection  angle 

Probe  volume  d imens ions ( 1 /e )  + 


200  an 
4  8  8  na 
1.16° 
24.16 
0.50° 


x-0.47  mm 


y-46 . 7  mm 
z "0 . 47  mm 

Fringe  number  20 

Magnification  of  the  collecting 


♦ 

Probe  volume  dimensions  are  evaluated 
from  the  geometrical  optics  formula. 
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D  I  A  M  ST  E  R  (/tm) 


Fig.3  A  typical  measured  visibility  distribution 


diameter  yim) 


Fig.4  Example  of  numerical  tests:  curve  A  represents  the  real 
distribution;  curve  B  represents  the  obtained  one,  starting  from 
a  Rosin-Rammler  type  distribution 


Fig.5  Visibility  distribution  functions  corresponding  to 
curves  A  and  B  of  Figure  4 


Fig.7  The  experimental  set-up  for  the  visibility  measurements 
in  the  furnace 


0  .3  .4  .*  .1  1 

VISIBILITY 

Fig. 8  The  experimental  visibility  distributions  measured  in  the  point  A 
on  the  axis  of  the  furnace,  shown  in  Figure  7 


Fig.9  The  particle  distribution  functions  deduced  for  points 
A,  C  and  E  in  the  furnace 
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Fig.  10  The  experimental  visibility  distribution  measured  in  the 
point  A  of  the  flame  seeded  by  alumina 


DISCUSSION 


A.M.Mellor,  US 

Have  you  directly  calibrated  the  instrument?  How  large  were  the  alumina  seed  particles? 

Author's  Reply 

The  system  has  been  calibrated  by  means  of  alumina  particles  injected  into  the  flame.  In  fact,  what  we  have 
calibrated  is  the  visibility  distribution  function,  to  confirm  that  the  data  acquisition  system  is  reliable. 

Concerning  the  diameter  of  the  alumina  particles,  it  is  in  the  range  0  to  10  pm.  This  diameter  was  chosen  because 
it  is  able  to  give  a  visibility  not  present  in  the  spray. 


A  METHOD  FOR  THE  MEASUREMENTS  OF  MIKING  PROPERTIES  IN  A  FLOW 


2.1  < 


C.  Borrego 
and 

0.  Oi i vari 

von  Karman  Institute  for  Fluid  Dynamics 
Chauss4e  de  Waterloo,  72, 

B  -1640  Rhode  Saint  Genese,  Belgium 


ABSTRACT 

A  laser  doppler  velocimeter  { L  D V )  and  a  1 aser -sea tter  meter  (LSM)  were  used  to  measure 
flow  velocity  and  tracer  concentration. 

To  evaluate  this  new  system,  tests  were  carried  out  on  a  turbulent  air  jet  of  circu¬ 
lar  cross  section  exhausting  into  still  air. 

The  method  for  measuring  certain  parameters  relevant  to  the  mixing  process  has  been 
tested  involving  laser  equipment  in  combination  with  the  introduction  of  a  tracer  in  the 
jet  in  the  form  of  oil  smoke. 

The  flow  field  was  examined  at  locations  varying  from  two  to  twenty  diameters  down¬ 
stream  of  the  nozzle.  Main  parameters  recorded  at  each  downstream  station  were  :  mean  axial 
velocity,  mean  concentration,  fluctuating  velocity  and  concentration  and  ve 1 oc i ty-conce n - 
tration  correlation. 

Taking  advantage  of  the  laser  scatter  meter  and  as  a  confirmation  of  their  possibi¬ 
lities,  this  technique  was  also  tested  in  a  much  more  complicated  flow  :  a  model  experiment 
on  a  release  of  a  heavy  gas  into  the  atmospheric  boundary  layer.  A  comparison  witn  more 
conventional  methods  did  allow  the  validation  of  both  techniques. 


1 .  INTRODUCTION 

The  detailed  knowledge  of  the  mechanisms  of  diffusion  and  passive  contaminants  in 
turbulent  shear  flows  is  essential  for  the  description  of  many  physical  processes  of  prac¬ 
tical  interest  such  as  dispersion  of  pollutants  and  rate  at  which  chemical  reactions  may 
take  place.  Little  experimental  research  has  been  done  in  this  field  due  to  difficulties 
in  measuring  concentration  on  a  real  time  basis,  remotely  and  with  high  spatial  resolution 
In  the  present  work,  it  is  demonstrated  the  feasibility  of  measuring  simultaneously  not 
only  the  conce n t ra t i on  and  velocities,  but  also  the  correlation  between  their  fluctuating 
components,  an  interesting  development  which  may  lead  to  better  understanding  of  the  dyna¬ 
mics  of  the  turbulent  transport  of  contaminants  and  particles  (Ref.  1). 

The  experimental  technique  used  is  based  mainly  on  non- i ntrus i ve  optical  detection 
methods.  The  technique  of  light  scatter  is  long-established  for  the  analysis  of  samples 
of  liquid  or  gases  contaminated  by  particle  suspensions,  but  its  application  to  the  deter¬ 
mination  of  concentration  fields  is  more  recent.  One  of  these  techniques  (Ref.  2)  uses 
fiber  optics  to  generate  the  measuring  volume  through  which  the  fluid  is  allowed  to  pass. 
Then  the  concentration  value  is  obtained  measuring  either  the  absorption  or  the  scattering 
of  the  light.  This  technique  has  two  major  drawbacks  :  first  it  introduces  a  probe  into 
the  flow  and  hence  is  a  source  of  distortion;  secondly,  it  does  not  allow  simultaneous 
measurement  of  the  local  velocity.  Another  technique  (Ref.  3)  measures  light  scattered 
from  a  sheet  or  beam  of  light  using  a  high  intensity  vapor  or  arc  light  as  its  source. 
Borrego  (Ref.  4)  and  Borrego  t  Olivari  (Ref.  5)  carried  the  light  scattering  method  a  step 
forward  by  using  a  focalized  helium-neon  laser  as  light  source.  In  this  way,  they  improved 
spatial  resolution  and  si gna 1  - to-noi se  ratio. 

To  evaluate  the  proposed  new  system,  tests  were  carried  out  on  a  circular  turbulent 
jet,  discharging  in  still  air,  a  simple  "reference"  configuration  for  which  a  considerable 
amount  of  results  are  available.  The  results  obtained  are  discussed  in  detail  in  the  next 
section . 

The  excellent  performances  of  the  system  with  respect  to  the  expected  behaviour  and 
the  good  agreement  with  the  results  obtained  by  other  techniques  (when  available)  suggested 
that  it  could  be  applied  to  more  complex  flow  situations  with  a  high  degree  of  confidence- 
As  an  example  of  such  an  application,  some  results  are  reported  here  of  measurements  made 
during  a  model  test  of  the  release  of  a  heavy  gas  in  simulated  atmospheric  boundary  layer 
at  ground  level.  The  detailed  structure  of  this  flow,  three  dimensional  plume  spreading 
on  a  rough  surface  under  a  turbulent  flow  field  and  high  negative  buoyancy,  has  up  to  now 
not  been  widely  investigated  due  to  inherent  difficulties  in  the  measurements  required. 


2.  MEASUREMENT  TECHNIQUE 

The  Instrumentation  consisted  mainly  of  a  laser  doppler  velocimeter  (LDV)  and  a  light 
scatter  meter  (LSM).  Both  systems  share  a  laser  light  source  and  associated  optics  of  sui¬ 
table  characteristics  and  two  different  detector  systems  consisting  of  two  photomultipliers 
and  optics  which  respond  to  light  scattered  by  particles  in  a  precisely  defined  region  of 
the  flow  field.  As  usual  with  optical  techniques,  it  Is  necessary  to  seed  the  flow  with 
particles,  but  for  this  application  care  has  to  be  taken  to  ensure  that  they  will  behave  in 
a  manner  which  is  representative  of  the  transport  properties. 


2 . 1  Ve.ocity  measurement 


The  laser  doppler  method  Is  based  on  the  measurement  of  the  doppler  shift  of  laser 
light  scattered  from  the  small  particles  carried  along  with  the  fluid.  Because  of  the 
motion  of  the  particles,  the  frequency  of  the  scattered  light  will  be  shifted  by  an  amount 
(doppler  frequency  shift)  ; 
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where  U  represents  the  particle  velocity  In  the  measuring  volume,  is  tne  wave  vector 
of  the  incident  light  which  has  a  wave  length  .(  and  ks  is  the  wave  vector  of  the  scat¬ 
tered. light.  It  should  be  noted  that  the  relation  between  doppler  frequency  and  the  velo¬ 
city  U  is  linear;  thus,  calibration  is  limited  to  the  determination  of  the  coefficient  of 
proporti ona 1 i ty  given  by  the  laser  wavelength  • j  and  the  beam  intersection  angle.  A  de¬ 
tailed  description  of  the  LDV  technique  and  associated  bibliography  can  be  found  in  refer¬ 
ences  6  and  7. 

The  operation  of  the  burst-signal  processor  (single  particle  measurement  or  individual 
realization)  used  in  the  present  work  assume  one  particle  present  in  the  measuring  volume 
a  t  mos  t  time . 

2 . 2  Concentration  measurement 

The  technique  is  based  on  the  measurement  of  the  amount  of  light  scattered  by  particles 
present  in  the  flow. When  the  concentration  of  particles  is  sufficiently  small,  but  w-th 
many  particles  simultaneously  occupying  the  measuring  volume,  the  photocurrent  contribu¬ 
tions  from  the  individual  particles  add  incoherently  at  the  detector  surface  : 

X ( t )  =  t  I„(t)  (2) 

where  In(t)  is  the  detector  current  caused  by  each  individual  particle  independent  of  the 
others,  i.e.,  the  intensity  of  the  scattered  light  is  proportional  to  the  number  of  par¬ 
ticles  in  the  control  volume  : 

I  ( t)  a  (3) 

c 

where  n(t)  is  the  time  dependent  number  of  particles,  and  Vc  the  measuring  volume.  With  a 
suitable  optical  system  this  volume  can  be  made  small  enough  to  be  considered  as  a  "point". 

It  can  be  shown  that  the  propor t i ona 1 i ty  between  the  number  of  particles  in  the 
measuring  volume  and  the  amount  of  scattered  light  becomes  a  linear  relation  only  for 
uniformly  sized  particles  under  conditions  of  independent  scattering.  The  riterion  for 
effectively  independent  scatter  by  monodisperse  spheres  is  that  the  center-to-center  dis¬ 
tance  between  particles  must  be  larger  than  3  radii  (Ref.  9),  which  corresponds  to  the 
rather  high  volume  fraction  of  particles  of  about  30%.  Therefore,  this  condition  of  inde¬ 
pendent  scattering  can  be  met  using  reasonable  operating  conditions.  However,  it  is  quite 
difficult  to  achieve  uniformly  sized  particles  (Ref.  10). 

In  order  to  control  the  characteri s t i cs  of  the  particle  motion  it  is  desirable  to 
work  only  with  monodisperse  scattering  particles  uniformly  distributed  in  the  fluid.  When 
this  is  not  possible,  which  is  the  most  usual  case,  the  validity  of  the  previous  approx¬ 
imation  depends  on  the  average  number  of  particles  TI  in  the  measuring  volume  at  any  in¬ 
stant.  When  N  becomes  too  small,  the  sample  may  not  be  sufficient  to  be  typical  of  the 
distribution.  This  is  precisely  the  condition  for  which  ambiguity  noise  becomes  larger; 
this  noise,  also  called  "marker"  shot  noise,  arises  from  the  random  arrival  of  the  par¬ 
ticles  in  the  control  volume  (Refs.  3,  8,  11). 

Thus,  the  applicability  of  the  technique  depends  on  the  existence  of  an  average  number 
density  small  enough  for  independent  scattering  to  occur  and  large  enough  for  the  particle 
size  distribution  in  the  measuring  volume  to  be  the  same  everywhere  at  any  time. 

In  summary,  the  difficulty  of  measuring  absolute  concentrations  should  be  pointed  out 
because  of  the  difficulty  of  generating  and  measuring  uniformly  sized  smoke  particles. 
However,  it  is  much  easier  to  measure  relative  concentrations  and,  for  the  purpose  of 
studying  diffusion,  only  relative  concentrations  are  of  interest,  provided  the  absolute 
concentrations  are  small  and  the  value  at  some  reference  point  is  known. 

3.  INSTRUMENTATION  AND  TEST  FACILITIES 
3 . 1  Optical  system 

A  helium-neon  laser  was  used  as  the  light  source  for  all  the  measurements  (x=06328um 
and  maximum  power  of  15  mW).  To  determine  the  flow  velocity  field,  the  forward  scatter 
arrangement  was  adopted.  The  optical  system  consisted  of  a  beam  splitter  which  produced  two 
parallel  beams  of  light,  separated  by  50  mm;  focusing  was  accomplished  with  a  single  lens 
with  a  focal  length  of  180  mm.  The  measuring  volume  was  roughly  0.12x0.13x1.0  mm3.  The 
fringe  spacing  was  2.3  um  which  suggests  a  pin-hole  diameter  of  about  50  um  (Ref.  6). 

If  the  probability  that  two  or  more  particles  are  present  simultaneously  in  the 
measuring  volume  is  negligible,  the  best  signal-to-noise  ratio  of  the  doppler  signal  is 
obtained  collecting  a  maximum  of  scattered  light  from  a  single  particle  (Ref.  12).  The 
detector  optics  is  fully  able  to  resolve  the  Interference  fringe  pattern  existing  in  the 
measuring  volume  (this  mode  of  operation  is  often  referred  to  as  the  fringe  mode).  For 
concentration  measurements,  many  particles  simultaneously  present  on  the  measuring  volume 
are  needed  to  reduce  the  fluctuations  in  light  intensity  due  to  non-uniform  seeding  and 
therefore,  to  make  ambiguity  noise  negligible.  This  precludes  the  use  of  the  same  receiver 
optics  for  velocity  and  concentration  measurements.  Since  the  pin-hole  of  the  PM  and  the 
incident  beams  together  define  the  measuring  volume,  a  larger  scattering  volume  for  the 
concentration  system  was  obtained  by  using  a  second  PM  having  a  larger  aperture  (500  um) 
and  smaller  magnification.  The  PM  high  voltage  supply  was  varied  to  yield  maximum  signal- 
to-noise  ratio, 

The  signal  processing  system  handled  simultaneously  the  outputs  from  the  photomulti¬ 
pliers  for  the  velocity  and  concentration  signals.  The  doppler  signal  was  first  band-pass 
filtered  and  processed  through  a  counter  type  data  processor.  The^utput  of  the  counter 
was  connected  :to  a  true  averager  for  U;  to  an  rms  voltmeter  for  /u7  and  to  one  channel 
of  an  analogue  correlator.  The  output  from  the  concentration  PM  was  low-pass  filtered  at 
1  kHz  and  then  divided  to  obtain  voltages  proportional  to  t  and  /c7  and  to  provide  a 
second  Input  to  the  correlator. 


3 . 2  Test  facility 

The  test  facility  (Fig.  1}  simply  consisted  of  a  circular  duct  supplied  with  compressed 
air  and  discharging  to  a tmospher  i  c cond  i  t  i  ons  through  a  nozzle  of  6  mm  diameter.  Tne  3e/r olds 
number  of  the  tests  was  5 ' 1 0  !  approximately,  based  on  the  nozzle  diameter. 


3.3  Calibration 


If  tne  concentration  of  particles  is  sufficiently  small, so  that  both  secondary  scat¬ 
tering  and  absorption  are  insignificant,  the  output  voltage  of  the  PM  snould  be  linear 
with  concentration.  Under  the  assumption  of  independent  scattering,  it  is  possible  to  snow 
(Ref.  3)  that  the  response  E  of  the  PM  to  light  scattered  by  particles  inside  tne  measuring 
volume  is  a  linear  measure  of  the  particle  cor-. entration. 

To  check  the  validity  of  these  assumptions,  a  calibration  was  carried  out  in  a  wind 
tunnel  having  a  test  section  of  12G<120  «n;  and  1  m  long.  The  velocity  could  be  adjusted 
to  any  speed  within  the  range  of  0.3  to  ..  m/s.  Particles  were  injected  into  the  flow  before 
the  settling  chamber,  care  being  taken  to  ensure  a  uniform  mixing.  Since  the  rate  of  par¬ 
ticles  injected  was  held  constant  : 


k  =  Cm  Um  A  > 
m  m 


N  _1_ 
A  U_ 
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where  N  is  the  average  number  of  particles  injected,  per  unit  time,  1)  is  the  mean  velocity 
at  the  center  of  the  wind  tunnel  test  section  and  f  is  the  mean  particle  concentration. 
The  velocity  was  measured  with  the  LDV. 

Figure  2  shows  the  values  of  the  PM  output  plotted  as  a  function  of  the  inverse  of 
the  velocity  for  two  different  injection  rates.  The  results  confirm  the  assumption  of 
linearity  indicated  above.  Care  was  taken  to  avoid  saturation  of  the  PM  and  be  in  the 
linear  region  of  the  calibration  curve  (Ref.  5).  The  results  show  that  an  accuracy  of  the 
order  of  2.5*  can  be  obtained  in  the  concentration  measurements. 


4-  TEST  RESULTS 
4 . 1  Jet  flow 

4.1.1  Meanveloci ty_ and  concent  rati onmeasu remen ts 

The  LDV  was  used  to  measure  mean  axial  velocity  from  approximately  two  to  twenty 
diameters  downstream.  The  mean  velocity  at  nozzle  exit  was  measured  with  a  total  head  tube. 
Theresults  are  shown  in  figure  3  plotted  in  function  of  r/«u,  su  being  the  half  width  of 

velocity  profile  :  U  (  6  u  )  =  j  Umax. 


The  mean  velocity  profiles  are  found  to  be  similar.  A  comparison  is  made  in  the  same 
figure  with  two  theoretical  models  for  predicting  the  shape  of  the  mean  velocity  profiles 
(Refs.  13  and  14). 

The  decay  of  the  center  line  velocity  is  presented  in  figure  4  and  agrees  well  with 
other  experimental  results.  The  virtual  origin  of  the  flow  is  located  at  about  2  diameters 
downstream  of  the  nozzle.  The  difference  observed  with  Tollmien’s  theory  (Ref.  13)  can 
be  attributed  to  the  predominant  effect  of  turbulence  at  nozzle  exit  on  the  location  of 
the  virtual  origin  (Ref.  15). 

The  transverse  di stri butions of  mean  concentration  (Fig.  5)  show  distinct  similarity 
of  the  profiles  after  a  distance  of  8  nozzle  diameters  fromthe  nozzle  exit. 

The  data  obtained  agree  with  those  measured  by  Catalano  et  al .  (Ref.  16)  and 
Shaughnessy  et  al .  (Ref.  8),  shown  in  figure  6  with  the  theoretical  model  of  Prandtl- 
GBrtler-RIchardt.  This  figure  also  Includes  the  mean  temperature  profile  reported  by 
Abramovich  (Ref.  13)  for  the  heated  free  jet.  The  fact  that  the  temperature  and  concentra¬ 
tion  profiles  are  substantially  similar  supports  the  suggestion  made  by  Hinze  (Ref.  17) 
that  there  is  little  difference  between  the  transport  of  heat  and  matter  in  turbulent  jet 
and  confirms  the  experimental  results  of  Timm  (Ref.  26). 

the  variation  of  the  mean  concentration  along  the  jet  center  line  is  given  in  figure  7. 
The  virtual  origin  of  the  flow,  considering  the  decay  of  concentration,  is  located  at 
about  0.8  nozzle  diameter  downstream.  This  agrees  well  with  the  theoretical  model  of 
Prandtl-GSrtler-RIchardt  and  with  the  experimental  data  of  reference  19. 

Available  results  In  the  literature  Indicate  that  the  spread  of  heat  and  matter  is 
greater  than  of  momentum.  Table  1  shows  the  ratio  6c/«u  at  various  locations.  For  compa¬ 
rison  purpose,  this  ratio  was  also  computed  from  data  of  Corrsin  (Ref.  20)  and  Corrsin 
et  al.  (Ref.  21).  The  present  measurements  indicate  that  the  value  of  the  ratio  sc/«u 
remains  constant  with  the  distance  from  the  nozzle  exit.  This  would  show  that  matter  spreads 
at  the  same  rate  as  momentum.  Such  a  hypothesis  Is  supported  by  the  equations  governing 
the  two  phenomena. 

4.1.2  Iurbulent_1ntensit1es 

The  axial  distribution  of  the  turbulent  intensity  Is  shown  in  figure  8  and  the  con¬ 
centration  fluctuations  are  presented  In  figure  9. 

Measurements  In  the  outer  region  of  the  Jet  are  complicated  by  the  fact  that  the  mean 
concentration  rapidly  falls  to  levels  of  the  order  of  Instrument  noise  while  the  fluctua¬ 
tions  remain  large.  The  occurrence  of  fluctuation  intensities  in  the  100*  range  Is  evidence 
of  the  highly  intermittent  nature  of  the  flow  field  In  the  outer  region. 

4.1.3  Qgngentratlon^elgcliy.cgrrglaJign 

The  concentration-velocity  correlation  coefficient  is  defined  as 
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where  u  and  c  are  measured  at  the  same  point  and  time.  RUc  's  plotted  in  figure  10  against 
the  non  dimensional  radius  r  /  r  -  ,  since  the  half  width  of  the  velocity  and  concentration 
profiles,  ‘,u  and  *c,  have  not  the  same  value. 

The  value  of  the  concen t ra t i on - ve 1 oc i ty  correlation  is  an  indication  of  how  closely 
related  the  concentration  field  is  with  the  velocity  field.  A  zero  correlation  would  in¬ 
dicate  that  the  fluctuations  of  the  concen t ra t i on  are  totally  independent  of  the  turbulent 
velocity  fluctuations  (or  the  absence  of  fluctuations).  This  is  the  case  for  the  profile 
taken  at  x/2r-  =  2,  for  r/r^  <  0.2. 

Considering  such  a  profile,  inside  the  potential  core  Ruc  =  0  near  the  center,  then  it 
it  becomes  negative  and  finally  positive  near  the  edge  -  It  reaches  a  maximum  at  r/r-  equal 
to  approx imatel y  one,  where  also  both  v/  uJ  and  V  C?  attain  their  maximum  value.  The  three 
conditions  correspond  to  : 


0  '.  absence  of  fluctuations  near  the  certer.  The  very  small  values  measured  of  both 
\f  u?  and  <J~&  are  probably  due  to  imperfect  seeding; 


-  Ruc  <  0  :  within  the  region  of  the  jet  which  has  not  been  contaminated  by  external  air, 

the  consideration  developed  in  equation  (4)  on  the  relationship  between  concen¬ 
tration  and  velocity  would  apply  leading  therefore  to  a  negative  correlation 
between  the  fluctuations  of  velocity  and  concentration; 

-  Ruc  >  0  ;  the  mixing  of  the  entrained  air  from  the  unseeded  atmosphere  surrounding  the 

jet  leads  to  local  variations  of  jet  velocity  and  concentration,  which  are 
expected  to  be  correlated.  An  input,  in  the  mixing  process,  from  air  entrained 
from  the  ambient  atmosphere  would  influence  local  velocity  and  concentration 
in  the  same  way  (decrease)  as  would,  but  in  the  opposite  sense  (increase),  an 
input  from  seeded  air  from  the  high  velocity,  high  concentration  side  of  the  jet. 

The  measurement  of  velocity  fluctuations  at  the  edge  of  the  jet  by  means  of  the  LDV 
needs  to  be  discussed  in  more  detail.  The  jet  is  uniformly  seeded  at  the  nozzle  exit,  then 
downstream  the  seeded  material  will  correspond  exactly  with  the  turbulent  fluid,  and  there 
will  be  no  seeding  in  the  nonturbulent  part  exterior  to  the  turbulent/nonturbulent  inter¬ 
face.  Since  the  processor  holds  the  last  value  of  the  signal  each  time  the  signal  drops 
out,  the  probability  density  of  the  velocity  will  be  exactly  that  measured  in  the  turbulent 
part  of  the  fluid  only,  which  is  observed  to  differ  considerably  from  that  measured  in  both 
turbulent  and  nonturbulent  parts  (Ref.  27).  Since  in  most  flows,  i ntermi ttency  extends  deep 
into  the  flow,  this  is  not  a  useful  way  to  measure  overall  properties.  It  is,  however,  an 
ideal  way  to  measure  properties  in  the  turbulent  fluid  only,  which  is  of  considerable  in¬ 
terest.  Such  an  application  would  eliminate  the  necessity  of  establishing  threshold  crite¬ 
ria  for  the  velocity  field,  always  more  or  less  unsatisfactory.  The  results  obtained  should 
be  essentially  comparable  with  those  obtainable  with  the  hot  wire  by  conditional  sampling 
on  a  temperature  signal,  if  the  turbulent  fluid  is  heated. 

This  does  not  mean  that  the  drop  out  time  increases  and  is  so  large  near  the  edges  as 
to  make  the  correlation  measurements  impossible  with  the  equipment  used,  since  it  is  making 
analog  averages  over  a  long  time  and  c  *  0  when  u  is  in  error. 


4.2  Diffusion  of  a  heavy  gas  in  turbulent  boundary 


4.2.1  Experimental .arrangement 


In  this  section  are  reported  measurements  from  a  model  experiment  on  a  release  of  a 
heavy  gas  into' the  atmosphere,  at  ground  level.  In  the  case  of  such  an  escape,  one  would 
expect  the  dense  has  to  flow  down  to  the  ground  close  to  the  source  and  then  be  carried 
downwind  in  the  form  of  a  plume  with  gas  concentration  decreasing  with  the  distance  from 
the  source.  The  negative  buoyancy  produced  by  the  high  density  of  the  gas  would  tend  to 
reduce  the  amount  of  vertical  mixing  associated  with  a  ground  plume  because  the  vertical 
density  gradient  caused  by  the  plume  would  tend  to  suppress  the  turbulence  which  Is  res¬ 
ponsible  for  the  mixing  process  which  dilutes  the  gas  as  it  travels  downstream.  As  a  result, 
one  would  expect  the  dense  plume  6 f  gas  to  mix  much  less  than  a  normal  ground  plume  and 
retain  high  gas  concentrations  for  much  greater  downstream  distances. 

Figure  11  shows  the  experimental  arrangement.  The  characteristics  of  the  background 
flow,  l.e.,  the  turbulent  boundary  layer,  were  determined  following  the  usual  practice  for 
atmospheric  modeling  work  :  the  Reynolds  number  similarity  was  allowed  to  lapse.  The 
simulation  of  the  lower  third  of  the  atmospheric  boundary  layer  In  the  wind  tunnel  (working 
section  :  180  mm  width  x  350  mm  high  *  2000  mm  long)  was  achieved  from  the  accelerated 
growth  of  an  adiabatic  boundary  layer  over  a  rough  surface  by  the  artificially  Induced 
mixing  of  an  initial  velocity  deficit  at  ground  level;  the  high  Intensity,  large  scale 
turbulence  typical  of  the  atmospheric  boundary  layer  was  provided  using  vortex  generators. 

The  diameter  of  the  heavy  gas-smoke  releasing  jet  is  4.2  mm  placed  at  7  mm  height 
and  1000mm  downstream,  laid  along  the  center  line  of  the  tunnel.  Practical  considerations 
necessitates  a  large  release  velocity  (*  18  m/s)  compared  to  the  tunnel  free  stream  speed 
of  7  m/s;  then  the  behaviour  of  the  three  dimensional  source  In  the  present  experiment  Is 
expected  to  be  similar  to  a  wall  jet. 

The  measurement  chain  was  Identical  to  that  described  in  §  3.1.  The  mean  values  of 
concentration  measured  on  the  plane  of  symmetry  were  compared  with  those  obtained  with  a 
heat  transfer  type  gas  concentration  probe  (Ref.  28). 

Profiles  were  taken  20-60  Jet  diameters  downstream  of  the  heavy  gas-smoke  source.  The 
main  quantities  to  be  measured  In  this  preliminary  experiment  to  document  the  velocity  and 
concentration  fields  are  the  mean  velocity  and  concentration,  the  rms  velocity  and  concen¬ 
tration  and  concentration  spectra.  Spectra  were  obtained  by  the  FFT  method  on  a  POP  11/34 
computer. 


4.2.2  £xger 1  men ta 1 _ resu 1 1$ 

The  characteristics  of  the  turbulent  boundary  layer  were  determined  and  found  to  com¬ 
pare  well  with  full  scale  data.  All  these  measurements  were  made  with  a  not  wire  anemo¬ 
meter.  The  turbulence  intensity  profiles  are  shown  in  figure  1?  and  the  power  spectra' 
density  (at  7  rr  height)  in  figure  13.  compared  with  the  proposed  curve  by  Davenport 
(Ref.  29). 

figures  14,  15  and  16  show  the  means  and  fluctuating  profiles  of  concentration  and 
velocity  at,  res  pec t i ve 1 y ,  x  =  20D,  x  =  44D  and  x  =  60D.  The  mean  concentration  profiles 
normalized  with  the  maximum  value  in  each  position,  measured  with  the  1  i gh t - s ca t ter  meter 
(LSM)  agrees  very  well  with  those  measured  using  the  gas  concentration  probe.  Tne  snape 
of  the  curves  is  that  expected  by  the  use  of  a  heavy  gas  in  the  jet  :  the  gravity  plays 
an  important  role  and  the  gas  flows  down  to  the  ground.  At  a  certain  height,  the  jet 
velocity  is  essentially  equal  to  the  local  boundary  layer  velocity  as  expected. 

Figure  17  shows  the  spectra  of  the  concentrat  on  signal  at  three  different  positions. 
Differences  between  the  different  spectra  are  small  indeed,  however,  they  indicate  that 
the  energy  of  the  concentration  fluctuations  increases  from  x  =  20D  up  to  x  =  44D,  de¬ 
creasing  up  to  x  =  60D.  Correlation  coefficients  Ruc  at  these  positions  have  been  computed 
giving,  re  spec t i vel y ,  0.18,  0.33  and  0.006,  which  is  in  agreement  with  the  expected  be¬ 
haviour  of  the  plume  coming  downstream.  The  concentration  spectra  exhibit  a  region  of 
-5/3  slope;  however,  this  does  not  necessarily  indicate  the  existence  of  an  inertial  sub¬ 
range  for  the  moderate  turbulence  Reynolds  number  encountered  in  this  experiment. 


5.  DISCUSSION  OF  THE  RESULTS  AND  CONCLUSIONS 

Several  comments  might  be  made  following  the  present  experiments.  The  combined  laser- 
doppler  velocimeter  and  laser-scatter  meter  have  shown  to  permit  an  accurate  description 
of  the  nozzle  fluid  concentration  and  velocity  fields  for  a  round  turbulent  free  jet.  The 
concentration  measurement  technique  has  proven  to  be  reliable  and  practical.  The  comparison 
between  the  two  different  concentration  measurement  techniques  is  also  a  validation  of 
the  gas  sampling  one.  Since  the  two  techniques  are  based  on  completely  different  prin¬ 
ciples,  it  is  not  likely  that  systematic  errors  appear  in  both. 

The  technique  demonstrated  in  the  present  paper  can  only  be  used  properly  if  a  cor¬ 
rect  seeding  of  the  source  is  possible,  in  which  no  coupling  exists  between  flow  of  gas 
and  tracer. 

The  existence  of  regions  where  high  correlation  exists  between  gas  concentration  and 
velocity  puts  forward  the  pending  question  of  possible  bias  of  velocity  measurement  using 
a  LDV  when  the  seeding  method  is  likely  to  produce  nonuniformities  of  particle  concentra¬ 
tion  that  can  influence  velocity  statistics.  Bucnhave  et  al.  (Ref.  30)  have  examined  this 
problem  and  their  conclusions  agree  with  the  present  results.  They  showed  that  sufficiently 
far  downstream  of  a  releasing  point  of  particles  one  can  get 


(6) 


where  tL  Is  the  Lagrangian  integral  time  scale,  U  is  the  mean  velocity  and  L  is  the  x- 
dlstancd  from  the  source,  from  where  the  spurious  mean  and  rms  velocity  introduced  by 
the  nonuniform  seeding  is  negligible.  Roughly  speaking,  tL  *  i/3u2  (Ref.  31),  then 
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a  situation  which  is  reached,  in  the  present  case,  at  x  =  60D,  giving  a  value  of  about 
0.013.  Hence,  at  least  in  a  large  region  of  the  flow  considered,  it  can  be  expected  that 
conditions  are  reached  to  allow  to  neglect  the  effects  of  nonuniformities  of  particle 
concentration. 

The  equipment  and  technique  which  has  been  described  and  tested,  may  be  used  to 
collect  much  needed  experimental  data  in  studies  concerning  turbulent  mass  diffusion  and 
provide  new;  data  to  assist  in  the  modeling  and  closure  of  the  diffusion  equations.  Also, 
some  (heuristic)  mixing  length  models  for  the  diffusion  process  could  be  developed  using 
the  present  data. While  models  of  this  kind  have  little  theoretical  basis,  they  have 
proven  to  be  useful  In  many  engineering  applications. 
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FIG.  10  -  CONCENTRATION  -  VELOCITY  CORRELATIONS: 
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FIG  11- SCHEMATIC  OF  WIND-TUNNEL  AND  OPTICAL  ARRANGEMENT 
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fig  14.  x  =  20  diameters  downstream  of  the  source 
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FIG  IS-  X  =60  DIAMETERS  DOWNSTREAM  OF  THE  SOURCE. 


FIG-  17  •  CONCENTRATION  SPECTRUM  (SF  •  3200  HZ  )  AT  Z  *  7  mm 
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DISCUSSION 


W.G.AIwang,  US 

Did  you  conclude  that  a  large  correlation  between  velocity  and  concentration  is  a  problem  in  reducing  the  veloci- 
meter  data  for  mean  velocity  and  turbulence? 

Author’s  Reply 

Not  yet.  We  are  now  preparing  for  this  kind  of  reduction  using  the  corrections  for  non-uniformities  in  the 
concentration  field.  Furthermore,  we  are  making  a  comparison  with  hot-wire  data  from  the  same  flow,  to  form  a 
conclusion  as  to  what  could  be  the  influence  of  the  velocity-concentration  correlations. 


V.Wittmer,  Ge 

You  used  a  I  kHz  low  pass  filter.  The  result  is  that  you  only  measure  concentration  fluctuations  up  to  1  kHz.  Why 
did  you  use  such  a  filter,  which  will  lead  to  errors  in  your  measurements? 

Author’s  Reply 

This  imposes  a  low  limit  on  the  frequency  spectra  and  is  a  necessary  limitation  because  of  the  type  of  photo¬ 
multiplier  used  for  the  present  measurements. 


G.Winterfeld,  Ge 

One  of  the  critical  points  of  the  method  seems  to  be  particle  loading  of  the  stream  which  is  truly  constant  with  time 
space.  How  is  this  achieved  and  checked? 

Author’s  Reply 

We  have  checked  this,  and  one  of  the  main  problems  of  these  experiments  was  to  get  constant  concentration  with 
our  smoke  generator.  We  achieved  this  by  very  fine  regulation  of  our  injector,  and  oil  and  air  injector,  keeping 
constant  always  the  temperature  of  the  hot  plate  using  a  variac  and  with  a  very  steady,  high  injector  pressure.  In 
this  way  the  fluctuations  were  around  3%  as  seen  during  calibration  tests  and  measuremens  with  the  light  scattering 
meter  were  t  3%  of  the  constant  value- 
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14.Abstract 

These  Conference  Proceedings  contain  the  22  papers  presented  at  the  AGARD  Propulsion 
and  Energetics  55th(A)  Specialists’  Meeting  on  Testing  and  Measurement  Techniques  in 
Heat  Transfer  and  Combustion,  which  was  held  in  Brussels,  Belgium,  on  5-7  May  1980. 
The  questions  and  answers  after  the  presentation  of  each  paper  are  included. 

The  Technical  Evaluation  Report  in  included  at  the  beginning  of  the  Conference 
Proceedings. 

The  meeting  consisted  of  five  sessions:  Engine  Related  Measuring  Techniques;  Heat  Trans¬ 
fer  for  Measurement  Techniques;  Optical  Velocity  Measurement  Techniques  in  Flames; 
Optical  Techniques  for  Temperature  and  Composition  Measurements  (Parts  I  and  II). 

The  meeting  was  intended  to  be  a  complement  to  the  recent  PEP  meetings  on  ‘High 
Temperature  Problems  in  Gas  Turbine  Engines’,  and  on  ‘Combustor  Modelling’.  Emphasis 
was  placed  on  experimental  techniques  relevant  to  both  of  these  areas.  Recent  advances  in 
temperature  measurements,  flow  measurements,  composition  and  chemical  measurements, 
and  in  general  techniques,  were  discussed. 

The  aim  of  the  meeting  was  to  furnish  a  comprehensive  survey  of  modem  test  rigs  and 
measurement  techniques  to  development  engineers  for  combustors  and  other  high 
temperature  components;  to  provide  research  scientists  in  these  areas  with  new  techniques 
developed  during  recent  years;  and  to  provide  a  platform  for  discussing  and  comparing  the 
different  techniques. 
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The  Technical  I  valuation  Report  is  included  at  the  beginning  of  the  Conference  The  Technical  Evaluation  Report  is  included  at  the  beginning  of  the  Conference 
Proceedings.  Proceedings. 

The  meeting  consisted  of  five  sessions:  Engine  Related  Measuring  Techniques;  Heat  The  meeting  consisted  of  five  sessions:  Engine  Related  Measuring  Techniques;  Heat 
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